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Abstract

Improper design and operation of heating, ventilation, and air conditioning (HVAC)
systems can contribute to the transmission of pathogenic microorganisms in indoor
environments. While air filters are traditionally deployed to control airborne pathogens'
virulence, they can accumulate microbes over time and become breeding grounds for
bacteria and fungi, posing significant biological hazards. To address this challenge, this
thesis proposes a novel energy-efficient air disinfection approach that combines air
filtration with thermal inactivation by heat. To maintain continuous filtration during
operation, the system incorporates two side-by-side filtration units with identical filters that
operate in sequence. While one unit undergoes thermal disinfection within an insulated

enclosure, the other remains in service.

Three design concepts are developed and evaluated based on their mode of heat transfer
and application strategy. The first concept is a fanless configuration that relies primarily on
natural convection to disinfect a single-stage filter. The second concept employs forced
convection using recirculating warm air to disinfect a single-stage filter. The third concept

extends the warm-air-recirculation approach to two-stage filtration systems.

An experimental test rig is constructed to monitor the heat transfer performance of each
design and to quantify the time and energy required to achieve the literature-based
disinfection condition of maintaining a filter temperature of 65 °C for 10 minutes.
Furthermore, a closed-loop aerosol wind tunnel accommodating the prototype of the
disinfection unit was constructed to evaluate the system's particle removal efficiency and
pressure drop at different duct airflow rates. The setup follows the ASHRAE 26 and 52.2

general requirements for measuring filter efficiency.
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To support the design of the natural-convection-based system, Computational Fluid
Dynamics (CFD) simulations are first conducted to identify heating-element configurations
that promote uniform temperature distribution within the enclosure. The filters are excluded
from the computational domain to reduce geometric complexity and computational cost.
The 2D unsteady turbulent buoyancy-driven flow is simulated using Ansys Fluent 2023 R2.
Five configurations are examined by varying the number of tubular heating elements, their
spatial arrangement, and the enclosure geometry through the addition of a heating chamber.
The numerical results indicate that incorporating a heating chamber beneath the frame and
redistributing the heating elements to enhance preheating and mixing near the bottom of
the enclosure significantly reduces temperature non-uniformity. Configurations
demonstrating improved thermal uniformity are subsequently selected for experimental

investigation with filters.

Next, prototypes of the natural-convection-based system, including a pleated filter with a
minimum efficiency reporting value (MERV) of 11 and tubular heating elements, are
manufactured and experimentally evaluated. Three configurations are tested over a range
of heater set-point temperatures. The results revealed that the optimal configuration
substantially reduces thermal non-uniformity across the filter surface, enabling the entire
filter to reach the disinfection condition within approximately 35 minutes, with an energy
consumption of 0.10 kWh per cycle. Flow characterization tests further demonstrate that
the integration of heating elements and associated duct modifications does not significantly
affect filtration efficiency and results in only a minor increase in pressure drop during

normal operation.

To reduce the disinfection period, prototypes of a forced-convection-based system
employing recirculating warm air for disinfecting a single-stage MERV 11 filter were
developed. The impacts of warm inlet temperature and air recirculation rate within the
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disinfection units on the heat transfer performance of the system were experimentally
investigated. The results showed that under optimal operating conditions, the filter achieves
the disinfection criterion within 13 minutes, with a total energy consumption of 0.11 kWh
per cycle. During normal operation, when both units remained open, the system maintained
filtration efficiency equivalent to that of a standalone filter, with a negligible increase in
pressure drop. During the disinfection period, when one unit was isolated, the submicron
particle removal efficiency decreased, while large-particle removal increased, and the
pressure drop rose significantly for only a short period, resulting in a minimal impact on

the overall HVAC fan energy use.

Finally, the concept of thermal disinfection of single-stage filtration systems with warm-air
recirculation was extended to two-stage filtration systems, comprising a MERV 8§ pre-filter
and either a MERV 11 or a MERV 13 main filter. The heat transfer and filtration
performance of the system were evaluated experimentally at three inter-filter distances. A
comparison of theoretical correlations for estimating the overall filtration efficiency of
multi-stage systems with experimental results showed good agreement in normal operation,
with some deviations during the disinfection period due to flow redistribution.
Furthermore, changing the inter-filter distance has relatively minor impacts on the overall
filtration efficiency and pressure drop compared to its effect on the disinfection process.
Consequently, the energy performance of the disinfection system should be considered the
primary criterion when determining the optimal distance between the pre-filter and the

main filter.
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Chapter 1. Introduction




1.1 Overview and Problem Statement

Airborne pathogens are responsible for the spread of the most recent pandemics, such as HIN1 flu
(swine flu) and the new coronavirus (SARS-CoV-2) and its highly transmissible variants (Delta
and Omicron) [4—6]. The virulence of infectious and lethal diseases is rising due to globalization,
increased travel and trade, urbanization, populated cities, changes in human behavior, reviving
pathogens, and improper use of antibiotics [7]. The health and economic repercussions of
pandemics are devastating [8]. For instance, according to the World Health Organization (WHO)
record [9], more than 700 million COVID-19 cases were reported globally by the end of 2023,

resulting in the death of approximately seven million individuals.

Respiratory activities such as breathing, speaking, coughing, and sneezing release pathogen-laden
droplets and aerosols into indoor environments [10]. In enclosed spaces, these airborne
contaminants can persist and be transported by airflows, making indoor air quality a critical factor
in infection risk [11,12]. Heating, ventilation, and air conditioning (HVAC) systems play a key
role in shaping indoor exposure, as ventilation rates, air recirculation, and airflow pathways can
either mitigate or facilitate the transmission of airborne microorganisms [13,14]. Consequently,
the design and operation of HVAC systems have received heightened attention as engineering
controls for reducing airborne disease transmission, particularly in high-risk environments such as

healthcare facilities.

Air filtration is one of the most widely implemented strategies within HVAC systems for
controlling airborne contaminants [15]. Filters are effective at physically removing
microorganisms from the air stream and are routinely employed in residential, commercial, and
institutional buildings [16]. However, filtration is inherently a removal-based strategy and does

not inactivate captured microorganisms. As a result, filters may accumulate viable biological
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material over time, raising concerns regarding their potential role as secondary sources of
contamination during operation, maintenance, or disposal [12,17]. These limitations highlight the
need for complementary approaches that address not only particle capture but also microbial

inactivation within HVAC systems.

To overcome the shortcomings of filtration-only approaches, supplementary air-disinfection
technologies have been proposed to inactivate microorganisms and reduce the risk of microbial
accumulation [18]. Among the available inactivation methods, thermal treatment is particularly
attractive due to its broad effectiveness against a wide range of bacteria, fungi, and viruses. Heat
can penetrate porous media and inactivate microorganisms by denaturing essential proteins and
enzymes [19-21]. While thermal inactivation has been widely used in non-aerosol applications, its
integration into HVAC systems for disinfecting filters remains limited, largely due to concerns

related to energy consumption, pressure drop, and system-level feasibility at the building scale.

To address the limitations of filtration-only approaches while maintaining continuous HVAC
operation, this thesis investigates an integrated filtration—disinfection concept based on alternating
modes of operation. The working principle of the proposed system is illustrated schematically in
Figs. 1.1 to 1.3. As shown in Fig. 1.1, the device consists of two identical filtration units arranged
side by side within a shared HVAC section. As can be seen in Fig. 1.2., each unit contains a pleated

air filter housed within an enclosed frame equipped with heating elements.

During normal operation (Fig. 1.1a), both units remain open, allowing air to pass through the filters
in parallel. This condition, referred to as the open-gates mode, where the dominant performance
metrics are airflow characteristics, pressure drop, and particle removal efficiency. After a

prescribed filtration period, one of the two units is temporarily isolated by closing its inlet and



outlet gates, while the other unit remains open and continues filtering the incoming air. This

condition defines the closed-gates mode, as illustrated in Fig. 1.1b.

In the closed-gates mode, airflow through the isolated unit is interrupted, and the heating elements
are activated to raise the temperature of the enclosed filter to a level sufficient for microbial
inactivation. The objective is to achieve the required disinfection temperature and exposure time
directly on the filter media where microorganisms have accumulated, while preventing excessive
heat from being released into the HVAC ductwork. By alternating the roles of the two units
between open-gates and closed-gates modes, the system enables continuous air filtration alongside

periodic thermal disinfection without requiring system shutdown or bypass (Fig. 1.3).
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Fig. 1.1. A schematic view of the working principle of the disinfection technology proposed in the present thesis under
two operation modes (a) open-gates mode, where two units remain open, and (b) closed-gates mode, where a single
unit is isolated for disinfection.
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1.2 Research Questions

This thesis aims to answer the following research questions:

1. How do heating element arrangement and enclosure configuration impact temperature
uniformity, energy consumption, and airflow resistance during thermal disinfection of

HVAC filters?



2. To what extent does the application of the proposed technology affect the particle removal

efficiency and pressure drop during the normal operation and disinfection period?

3. Is reliance on the buoyancy-driven flow sufficient to achieve uniform filter disinfection
within a reasonable time frame, or is the integration of forced convection through external

power/fans required to enhance disinfection efficiency and uniformity?

1.3 Research Objectives

The roadmap of this thesis to address the above research questions includes the following

objectives:

e Assessing the feasibility of using buoyancy-driven heat transfer for achieving spatially
uniform and energy-efficient thermal disinfection of pleated HVAC filters.

e Quantifying the impacts of system configuration, filter characteristics, and operating
conditions on thermal performance, airflow characteristics, and particle removal efficiency
during both open- and closed-gates modes.

e Developing practical design guidelines for integrating filter-level thermal disinfection

technologies into HVAC duct systems without compromising ventilation performance.

1.4 Research Hypothesis

This section discusses the hypotheses related to the aforementioned research questions:

e Increasing the number of heating element tubes on the bottom side of the heating unit can
achieve a more uniform temperature on the filter surface, counteracting the temperature

difference caused by buoyancy-driven flow.



e For a given heating power, increasing the number of heating element passes reduces the
required thermal exposure time but may introduce additional pressure losses and airflow

non-uniformities, suggesting the existence of an optimal range of heating element passes.

e Given the low thermal conductivity of the solid matrix of the filter's porous media (e.g.,
non-woven polyester fibres) and the inherent temperature difference caused by buoyancy-
driven flow, especially when the number of heating element passes is low, a significant
temperature variation across the filter is expected. To mitigate this temperature difference
between the top and bottom sides and the front and back faces of the filter, deploying air
recirculation and leveraging forced convection can promote a more uniform temperature

distribution across the filter surface, reducing the disinfection time.

e The time and energy required for thermal disinfection are expected to increase for filters
with higher Minimum Efficiency Reporting Values (MERV) due to their lower porosity,

higher pleat density, and higher thermal inertia.

1.5 Research Methodology

This thesis employs a combination of numerical simulations and experimental investigations to
evaluate the stated hypotheses and address the research questions. Although the core concept of
the proposed technology is heat-based disinfection of filters, three distinct system configurations
are investigated: (i) a fanless system that relies solely on natural convection as the dominant heat-
transfer mechanism for disinfecting a single filter; (i1) a forced-convection system employing fans
and warm-air recirculation for disinfecting a single filter; and (iii) a warm-air-recirculation system,

similar to the second system, designed for disinfecting a two-stage filtration system.



Computational Fluid Dynamics (CFD) simulations are conducted to examine various heating
element and unit configurations for the fanless variant to identify arrangements providing
improved temperature uniformity within the enclosure. For this purpose, computational domains
are generated for all cases, and the full set of governing conservation equations is discretized and
solved using Ansys Fluent 2023 R2. The heating element configuration identified through the
numerical investigation provides the basis for the design and fabrication of the natural-convection-

based (fanless) disinfection prototype accommodating HVAC filters.

The experimental component of this research consists of two main parts: (1) evaluation of the
thermal and energy performance of the proposed disinfection system, and (2) assessment of

filtration efficiency and pressure drop using a closed-loop aerosol wind tunnel.

The heat transfer and energy performance evaluation involves constructing physical prototypes of
the disinfection system and developing a dedicated test facility equipped with temperature control,

monitoring instrumentation, and energy-measurement capabilities.

The experimental evaluation of size-resolved particle removal efficiency and pressure drop is
conducted using a fully recirculating closed-loop aerosol wind tunnel designed in accordance with
ASHRAE 52.2 [22]. All developed prototypes are installed in the wind tunnel, and their
performance is assessed under two operating conditions: normal operation, in which both units

remain open, and disinfection mode, in which one unit is temporarily isolated.

Figure 1.4 presents an overview of the research methodology adopted in this thesis. As illustrated,
the study begins with an in-depth literature review to identify existing research and technological
gaps. This is followed by numerical simulations and experimental investigations of heat transfer,

filtration efficiency, and pressure drop. The outcomes of these analyses are synthesized to establish



practical design considerations for achieving energy-efficient, uniform filter disinfection with
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1.6 Thesis Outline

This thesis follows a paper-based format and consists of seven chapters. The content of each

chapter is briefly outlined below.

Chapter 1 presents an overview of the research background and problem statement, followed by
the formulation of the research questions, objectives, hypotheses, methodology, and the overall

structure of the thesis.

Chapter 2 provides a comprehensive literature review on the motivation for HVAC filter
disinfection and existing air disinfection technologies, with a particular focus on heat-based
disinfection approaches. The literature is organized into two mode-specific sections: one
addressing flow performance and filtration metrics under open-gates operation, and the other
focusing on natural convection and heat transfer phenomena relevant to closed-gates operation.
The chapter concludes by identifying research gaps and summarizing the novelty and contributions

of this thesis.

Chapter 3 focuses on the numerical simulation of buoyancy-driven flow in an enclosure containing
tubular heating elements. This chapter presents the details of the CFD simulation, including model
selection, mesh sensitivity analysis, and model validation. The numerical results provide the basis

for the design of the fanless disinfection system investigated experimentally in Chapter 4.

Chapter 4 experimentally investigates the natural-convection-based thermal disinfection of HVAC
filters. This chapter describes the experimental setup and procedures used to evaluate the heat-

transfer performance and filtration efficiency of the fanless system.

10



Chapter 5 experimentally studies the forced-convection configuration employing fans and warm-
air recirculation for disinfecting a single filter. The experimental setup and procedures for
evaluating heat transfer performance, energy consumption, filtration efficiency, and pressure drop

are presented in this chapter.

Chapter 6 experimentally evaluates the feasibility of warm-air recirculation in a two-stage HVAC
filtration system comprising a low-MERYV pre-filter and a higher-MERV main filter. This chapter
introduces the advanced experimental facilities developed for this purpose, including a fully
recirculating closed-loop aerosol wind tunnel compliant with ASHRAE Standard 52.2, as well as

the heat-transfer performance setup for two-stage filter disinfection.

Chapter 7 summarizes the key findings of this thesis, discusses its limitations, and provides

recommendations for future work.
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Chapter 2. Literature Review & Research Gaps
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2.1 Preface

As described in Chapter 1, the proposed disinfection technology in this thesis operates in two
distinct modes: open-gate mode and closed-gate mode. In the open-gate mode, when the gates are
open, the dominant performance metrics are flow characteristics, pressure drop, and particle
removal efficiency. In contrast, during the closed-gate mode, the airflow is interrupted, and the
heating elements are activated, transforming the problem into one governed by buoyancy-driven
flow and heat transfer within an enclosure containing pleated porous media and external heat
sources. Accordingly, the literature reviewed in this chapter is structured to provide background

information relevant to both operating modes.

The discussion first establishes the motivation for filter disinfection and reviews existing
disinfection technologies, with emphasis on hybrid filtration-disinfection approaches. The review
then addresses the fundamental considerations associated with heat-based disinfection. Finally, the
literature is organized into two mode-specific sections: one focusing on flow performance and
filtration metrics under open-gate operation, and the other focusing on natural convection and heat

transfer phenomena relevant to closed-gate operation.

Detailed reviews of specific configurations, numerical models, and experimental implementations
are intentionally retained within the corresponding paper-based chapters to preserve their integrity
as standalone studies. This chapter therefore, serves as a unifying framework that connects the

broader research landscape to the individual contributions presented in the subsequent chapters.

2.2 Microbial Contamination of HVAC Filters

Installation of air filters in HVAC ductwork, as shown in Fig. 2.1, is the classical approach for

controlling the virulence of airborne pathogens and reducing the concentration of bioaerosols in
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indoor environments [15]. Depending on their efficiency and structural characteristics, air filters
can effectively entrap microorganisms through mechanisms such as diffusion, interception, and
inertial impaction [23,24]. For instance, high-efficiency particulate air (HEPA) filters are capable
of removing up to 99.97% of particles with a diameter of 0.3 um, which corresponds to the most

penetrating particle size among submicron aerosols [16].

Despite these advantages, air filters do not eliminate microorganisms; rather, they accumulate them
over time (Fig. 2.2). As filters load with dust and organic matter, they may provide suitable
conditions for microbial survival and growth, particularly when exposed to suitable temperature
and humidity levels [12,17]. Consequently, contaminated filters can transition from passive
removal devices to active reservoirs of biological material, raising concerns regarding their role as
secondary sources of indoor contamination. Depending on filter type, loading condition, and
airflow regime, a fraction of captured microorganisms may be re-entrained into the downstream
air during normal operation [25,26]. Under transient operating conditions, such as fan start-up,
shut-down, or sudden changes in airflow rate, this release can increase substantially [27,28]. Such
episodic release events may lead to short-term spikes in bioaerosol concentration, increasing

occupant exposure risk.

Given that filtration is only a removal strategy, not an "inactivation" approach, the microbe
accumulation problem persists. Therefore, supplementary disinfection technologies should be
adopted to inactivate microbes, prevent the creation of a medium for pathogen multiplication, and
reduce the risk of episodic germ release into the building. This is particularly important during
pandemics and in critical settings such as hospitals, clinics, and dental offices, where airborne

pathogen concentrations may be high.
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Fig. 2.1. A schematic view of controlling the virulence of airborne pathogens via filtration in HVAC systems (adapted
from Ref. [15]).

Fig. 2.2. Growth of microbes on the HEPA filters over time (adapted from Ref. [12]).
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2.3 Overview of Air Disinfection Technologies

2.3.1 Standalone Air Disinfection Technologies

Several sterilization approaches have been introduced in the literature for the removal/inactivation
of infectious microorganisms. A schematic view of different disinfection technologies available in
the literature is illustrated in Fig. 2.3. These purification technologies can be categorized into
physiochemical and biochemical technologies based on the inactivation mechanisms used in the
sterilization process. The physiochemical technologies include conventional filters [17,29-31],
electrostatic filters [12,29,32,33], antimicrobial filters [34-37], ultraviolet (UV) sterilization
[34,38-41], photocatalysis oxidation [30,42—44], plasma [29,45-47], thermal treatment [48—50],
ozonation [51-53] and microwave [30,54,55]. However, implementing botanical disinfectants
[56-58] and herb fumigation [11,41,42] falls under the biochemical category and is less frequently
applied in HVAC systems due to challenges associated with controllability, scalability, and
standardization. A detailed comparison of these disinfection technologies and their capabilities in

terms of pathogen removal or inactivation is provided in Chapter 5 of this thesis.

Notwithstanding the merits of standalone air disinfection technologies documented in the
literature, their implementation is associated with high investment costs, high energy consumption,
harmful byproducts, complex installation and maintenance, and long-term efficiency degradation.
As a result, despite their technical potential, many standalone disinfection technologies remain

difficult to deploy widely in continuously operated, occupied buildings [1,59,60].
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2.3.2 Filter-Assisted Hybrid Disinfection Technologies

Recognizing that HVAC filters serve as primary locations for microbial accumulation, various
antibacterial and antiviral agents, such as quaternary ammonium phosphate, copper, nano-silver,
carbon nanomaterials, and metal oxides (e.g., ZnO and TiO:), have been extensively studied to
inhibit microbial growth on filters [5]. However, their practical application remains limited due to
material compatibility concerns and performance degradation over time [61]. Consequently,
supplementary disinfection technologies have been hybridized with filtration to address the issue
of filter colonization. The most common filter-assisted sterilization technologies in HVAC systems
include electrostatic precipitators (ESPs), ultraviolet (UV) irradiation, photocatalysis, plasma-

based systems, and thermal treatment for the decontamination of air filters.
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The integrated system of an electrostatic precipitator (ESP) and an air filter utilizes corona
discharge to enhance the physical removal of charged particles through Coulombic forces while
simultaneously inactivating bioaerosols trapped within the filter by generating ions [62—64]. Feng
et al. [62] developed a numerical model demonstrating that a well-designed hybrid system
combining an electrically enhanced air filter (EEAF) with an ESP could achieve 100% disinfection
of COVID-19, with a particle removal efficiency comparable to that of high-efficiency particulate
air (HEPA) filters. However, the implementation of ESPs presents several challenges. One of the
primary concerns is ozone generation, as ozone exposure is linked to respiratory and
cardiovascular health risks, increased mortality, and the formation of secondary organic
byproducts that can be even more hazardous than ozone [65,66]. Other drawbacks of ESP-based
systems include high initial and maintenance costs, safety risks associated with high-voltage
operation, the need for periodic component replacement, and the uncertainty regarding the ability
of released ions to effectively penetrate the inhomogeneous porous structure of filters for
inactivating entrapped particles [67,68]. These limitations must be carefully considered when

designing combined ESP and air filtration systems.

The integrated system of ultraviolet (UV) light and air filters utilizes UV radiation to denature the
DNA and RNA of bioaerosols accumulated on the filter surface and captured within the filter
media. Numerous studies in the literature have examined the feasibility of UV-C lamps for
disinfecting both HEPA and non-HEPA pleated filters [61,69]. Feng et al. [62] conducted
computational fluid dynamics (CFD) simulations to evaluate the performance of a hybrid system
combining UV lamps with pleated filters for inactivating SARS-CoV-2 aerosols trapped within the
filter. Their findings indicated that the UV + filter system achieved 100% inactivation of COVID-

19 bioaerosols at an airflow rate of 2120 cfm, with an energy consumption of 483 W. However,
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the integrated UV system with air filters has its own limitations. Susceptibility of UV lamps to the
relative humidity [18], inaccessibility of UV light to the particles entrapped within dense porous
media of filters [70], decrease in inactivation rate by an increase in the duct flow rate, and high
energy consumption [18,62] are some of the challenges associated with the UV + filter system that

should be tackled in the future development of this technology.

The hybridization of photocatalysis with filtration is another innovative approach explored in the
literature. In photocatalysis, reactive oxygen species are generated under light exposure, acting as
strong oxidants that destroy pathogens trapped within the filter [71,72]. ZnO and TiO: are
commonly used photocatalysts, typically applied as coatings on filter fibers. However, their
disinfection efficiency decreases at higher airflow rates, and their antibacterial effectiveness is
limited when using sunlight as the light source, mandating integration with UV light for enhanced
performance [71,73]. To address the challenges of common photocatalysts, Li et al. [71] proposed
photocatalytic air filters fabricated from metal-organic frameworks (MOFs). The developed
photocatalytic filter achieved 99.99% E. coli decontamination within 30 minutes and removed
97% of particulate matter (PM). Despite the effectiveness of employing filters with photocatalytic
properties, ozone generation remains a major concern, posing challenges to the practical

application of this technology in improving indoor air quality (IAQ) [74].

The hybrid system of plasma and air filtration utilizes corona discharge to generate ions capable
of annihilating bioaerosols trapped within filter pores [18,75]. Hyun et al. [75] investigated the use
of plasma for disinfecting MS2 bioaerosols filtered by a fiberglass filter. Their findings indicated
that, in the bipolar mode of the ionizer, disinfection efficiency could reach 97.4% after 45 minutes
of exposure. Li et al. [76] designed and evaluated a portable air purification system that integrates

a corona discharge array (plasma) with metallic foam filtration. To mitigate ozone generation, a
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carbon filter was installed at the system's outlet. Their results demonstrated that the proposed
device achieved a filtration efficiency of 91.5% and an antiviral efficiency of 99.32% in removing
Influenza HINT1 bioaerosols after one hour of operation in a 50 m? test room. While the integration
of filtration and plasma has shown promising results in portable air purifiers, ozone generation and
ion byproducts remain significant concerns [18,75,77]. Furthermore, the application of this
technology at larger scales and in centralized HVAC systems with high airflow demands requires
further research and development, as it is associated with increased energy consumption and

greater ozone byproduct production.

While the hybrid disinfection technologies discussed above demonstrate that filter-assisted
inactivation of microorganisms can be highly effective, they also highlight persistent challenges
related to energy demand, byproduct formation, scalability, and compatibility with continuous
HVAC operation [59]. These approaches are therefore not pursued further in this thesis. Instead,
the present work focuses on heat-based disinfection of HVAC filters, which offers broad-spectrum
microbial inactivation without reliance on electrical discharges, ultraviolet radiation, or reactive
chemical species. Heat-based approaches and their relevance to filter disinfection are discussed

separately in the following section.

2.3.3 Filter-Assisted Heat-Based Disinfection Technologies

Among the various disinfection strategies discussed in the literature, heat-based inactivation has
emerged as a particularly robust and broadly effective mechanism for microbial control [2,59,78].
Thermal disinfection relies on exposure to elevated temperatures that disrupt cellular membranes,
denature proteins, and deactivate essential enzymes [19-21]. Unlike chemical, ultraviolet, or
plasma-based approaches, heat-based disinfection does not depend on reactive species or

electromagnetic radiation and therefore avoids the generation of harmful chemical byproducts
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during operation. Furthermore, heat has an excellent capability to penetrate the porous structure of
the filters, exposing microorganisms trapped within the interior of the filter to lethal temperature—

time conditions [2,59].

Another major advantage of heat-based disinfection is its broad applicability across different
classes of microorganisms. Previous studies have shown that maintaining temperatures of 60—70
°C for about 10 minutes effectively inactivates vegetative bacteria, fungal spores, and enveloped
viruses, including influenza and coronaviruses [29,79-85]. A detailed comparison of the required
temperatures and exposure times for inactivating various microorganisms is provided in Chapter
5. While the exact thermal inactivation conditions vary across species, these temperature—time
ranges provide a practical basis for thermal disinfection strategies compatible with HVAC

applications.

Despite the demonstrated effectiveness of thermal inactivation, applying heat-based disinfection
in HVAC systems poses practical challenges when continuous operation and system integration
are considered. Several studies have explored filter-assisted thermal concepts in which elevated
temperatures are generated locally and interact directly with the filtration process. Xie et al. [86],
for example, proposed a hybrid thermal disinfection system that combined air filtration with a
photovoltaic (PV) panel and a Trombe wall for the inactivation of Klebsiella pneumoniae. In their
configuration, a portion of the bioaerosols was exposed to elevated temperatures within the
Trombe wall air gap, while the remaining microorganisms were captured by a filter installed at the
wall outlet. The continuous passage of warm air through the filter further inhibited bacterial
survival and growth. Their numerical analysis showed that, under an average ambient temperature
0f 9.7 °C and a solar irradiance of 620.6 W/m?, the air temperature at the Trombe wall outlet could

reach approximately 75 °C, resulting in a substantial reduction in the concentration of pathogens
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retained within the filter over several hours of daytime operation. While this study demonstrated
the feasibility of integrating passive thermal sources with filtration, the disinfection process

remained highly dependent on environmental conditions and required extended exposure times.

An alternative filter-assisted thermal approach involves heat generation within the filter media. Yu
et al. [87] developed a self-heating air filter fabricated from pleated nickel foam for the inactivation
of SARS-CoV-2 and Bacillus anthracis spores. By applying Joule heating directly to the
conductive filter medium, the authors demonstrated that increasing the filter temperature to
approximately 200 °C resulted in inactivation efficiencies of 99.98% for the coronavirus and
99.99% for anthrax spores. However, achieving this temperature for a relatively small filter (24
cm % 30 cm x 1.6 cm) at an airflow rate of 10 L/min (0.35 cfm) required a power input of 500 W.
In addition, key performance metrics relevant to HVAC applications, such as pressure drop and

scalability to higher flow rates, were not reported.

These examples illustrate that, while filter-assisted heat-based disinfection can achieve high levels
of microbial inactivation, existing implementations often rely on elevated temperatures, low
airflow rates, or high energy input, highlighting the need for further investigation into energy-

efficient, scalable, and HVAC-compatible thermal disinfection strategies.

The review presented in Sections 2.1-2.3 has established the motivation for filter disinfection and
summarized existing disinfection technologies, with particular emphasis on filter-assisted and
heat-based approaches. While these studies primarily focus on disinfection mechanisms, the
practical implementation of such technologies in HVAC systems is inherently affected by system
operation and the associated flow and heat transfer characteristics. As introduced in Chapter 1, the
disinfection concept introduced in this thesis involves two distinct operating modes. Accordingly,

the following sections review literature relevant to these operating conditions, beginning with
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filtration performance under open-gates mode and followed by buoyancy-driven flow and heat

transfer phenomena under closed-gates conditions.

2.4 Open-Gates Mode: Flow Characteristics and Filtration Performance

The optimum performance of filters hinges on the particle removal efficiency and pressure drop.
The optimal filter can provide desirable particle collection with minimal airflow resistance. The
application of flat filters would impose excessive pressure drop, increase fan energy consumption,
reduce filter efficiency, and accelerate filter aging [88,89]. To address these issues, pleated air
filters are frequently employed in HVAC systems and air purifiers, in automobile engine intakes,
and as protective masks in firefighting, the military, and chemical laboratories, etc. [90].
Implementing pleated geometries increases the filter surface area, reducing the filter face velocity
and, therefore, improving particle collection [91]. Different fibrous media made of glass [92,93],
polypropylene [94], polyester [95], and cellulose [93] fibers with different fiber diameters and

permeabilities were considered as the filter media to provide the aimed efficiency.

Many researchers have used empirical studies, analytical approaches, and numerical simulations
to examine the impact of geometric modifications to the pleat on the pressure drop, flow
characteristics, and particle removal efficiency of unused pleated filters. Tronville & Sala [88]
experimentally and numerically investigated the pressure drop within triangular pleated air filters.
They demonstrated that the curve relating the number of mini-pleats to pressure drop within the
filter media at different airflow rates was U-shaped. Consequently, increasing the pleat counts may
not necessarily reduce the filter's pressure drop. Rebai et al. [96] developed a semi-analytical 1-D
model based on the similarity solution to determine the optimal pleat density for minimizing the
airflow resistance. Their model benefits from the consideration of both pleat height and pleat

density. However, they did not consider the impact of pleat density variation on particle
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penetration. Théron et al. [95] deployed Ansys Fluent software to evaluate the effect of varying
the height and width of rectangular pleats on the pressure drop. It was observed that reducing the

pleat height and increasing its width decreased the pressure drop.

Whether the filter is unused or contains dust layers [60], selecting the appropriate computational
domain and airflow model to simulate flow characteristics in the vicinity of the pleated filters can
be problematic. In most studies in the literature (e.g., [80,82—85]), a half or single pleat was
selected as the 2-D computational domain due to the pleats' inherent symmetry. This is due to the
complex geometry of pleated filters, in which the filter thickness is by far smaller than the filter
height and width (Fig. 2.4). Therefore, although the simulation of all pleats as 3-D computational
domains may evaluate the border effects more accurately [88,90], it increases the computational
costs significantly. Furthermore, the airflow conditions within the duct and at the filter face, as
well as the filter media properties, determine which models should be adopted to simulate airflow

around and inside the pleated filters.
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Fig. 2.4. Consideration of a half pleat for simulation of pressure drop and filtration efficiency in pleated air filters
(adapted from Refs. [88] and [89]).
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Table 2.1 summarizes studies on the flow characteristics, pressure drop, and particle penetration
in the vicinity of pleated filters as porous media. In summary, several factors influence the pressure
drop and particle removal efficiency of pleated air filters, including filter thickness, pleat density,
pleat height and depth, airflow rate, filter face velocity, filter media thickness, and fibrous material
properties. Understanding these factors is crucial for balancing filtration efficiency and pressure

drop, resulting in more efficient, cost-effective systems.

Table 2.1. A summary of the literature on the pressure drop, flow characteristics, and particle removal efficiency of

pleated air filters.
Filter Media Properties Geometrical Feature Flow Characteristics Computational Reference
Domain
Cellulose fiber Pleated filters, triangular shaped, Laminar flow 2D Del Fabbro et al.
K =3.80 x 107 11m? rectangular shaped: Vistiration=0.07 m s ™1 1/2 pleat (2002) [93]
=08 H=27—-48mm
W =20-35mm
HEPA media (glass fiber) Pleated filters, triangular shaped, Laminar flow 2D Del Fabbro et al.
K =1.19 x 10712m? rectangular shaped: Vistiration = 0.07 m s 71 1/2 pleat (2002) [93]
=092 H=27—-48mm
W =20-35mm
6 =0.38mm Pleated filters, triangular shaped: Turbulence models: RSM, 3D and 2D Tronville et al.
K =17.5x10"1?m? H=25mm Standard k-¢, RNG k-¢ 3.5 pleat (2003) [88]
W =32mm Vipter =0.5-2.0 m s™1
6 =145mm Pleated filters, triangular shaped, Laminar flow 1D semi-analytical Rebai et al.
K = 3.6 X 10719m? rectangular shaped: Vipter =039 m s 1 solution and 2D (2010) [96]
H =51mm numerical simulation
W =125mm

Note: K denotes the filter permeability; € is the porosity; df is the fiber diameter; & is the filter media thickness; H and W represent the
pleat height and width, respectively; V;,;,, is the duct inlet velocity; and Va0, 1s the filtration velocity, defined as the volumetric flow

rate divided by the filtration face area.
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Table 2.1. A summary of the literature on the pressure drop, flow characteristics, and particle removal efficiency of
pleated air filters (continued).

Filter Media Properties Geometrical Feature Flow Characteristics Computational Reference
Domain

HEPA media Pleated filters, triangular shaped, Laminar flow 2D Fotovati et al.
§ =0.38mm rectangular shaped: Vigier =0.2-0.1 ms~1 1 pleat (2012) [92]
£ =0.90-0.96 H =25.4mm
df =6—15um W =13-85mm
Polypropylene media Pleated filters, rectangular shaped: Turbulence models: v2f, 2D Feng et al.
6 =0.30mm H =50mm LES, DES, Standard k-e, 1/2 pleat (2014) [94]
K =833 x 107 13m? W =50mm LRN k-¢

Visier =0.13m st

V/iltralion: 0.072ms"
Coarse filter made of cotton and  Pleated filters, triangular shaped: Turbulence models: 2D Théron et al.
polyester fiber: H=20—-40mm Standard k-&¢ model and the 1/2 pleat (2017) [95]
§=28 1+ 0.7mm W =50mm Reynolds stress model (rsm)
K =107"m? Visier =0.6-5.6ms™1
df =13.8 + 4.4 um Viitoration=0-09-0.81m 571
€=0.92+0.010
6 =0.6mm Pleated filters, triangular shaped: Turbulence models: 2D Mrad et al.
K =10"1?m? H=27-29mm Laminar model, the standard 1/2 pleat (2021) [89]
df =3.14 um W =24-26mm k-¢ turbulence model and the
£=0.92+0.010 transition SST model

V-inlet = 0.67 ms~!

Vﬁltration =0.27ms™!
6 =0.6mm Pleated filters, triangular shaped, Laminar model 2D Teng et al.
K =9.58 x 10~12m;?2 rectangular shaped: Vﬁhmtion =0.04ms ! 1 pleat (2022) [91]
dr = 4.6 um H =20mm Periodic BC
£=1092+0.010 W =5.6 — 28 mm
Polyester fiber Pleated filters, triangular shaped Turbulence model 2D Rasouli et al.
6 =05mm H =15mm k—w SST 15 pleats (2025) [60]

K =192 x 10710m?

W =15mm

Vinlet= 0.9ms*

Note: K denotes the filter permeability; € is the porosity; d is the fiber diameter; § is the filter media thickness; H and W represent the
pleat height and width, respectively; V., is the duct inlet velocity; and Va0, 1s the filtration velocity, defined as the volumetric flow rate

divided by the filtration face area.
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2.5 Closed-Gates Mode: Natural Convection and Heat Transfer Performance

Porous media, characterized by their complex flow and heat transfer behavior, further complicate
the natural convection process in enclosures. The interest in investigating natural convection flow
and heat transfer in porous cavities extends beyond the proposed disinfection technology. In
practice, understanding buoyancy-driven flow in enclosures incorporating porous media is crucial
for various applications such as geothermal systems, heat exchangers, solar collectors, fuel cells,
electronic cooling, crude oil production, etc. [97-100]. This section aims to provide a
comprehensive review of free-convection flow and heat transfer in cavities partially or fully filled
with porous media. The primary focus is on cases where internal bodies are present within the

enclosures.

2.5.1 Experimental Studies of Natural Convection in Porous Enclosures

The experimental investigation of natural convection in enclosures containing porous media is of
vital importance for the verification/validation of theoretical studies. However, only a few studies
utilized heat transfer measurements and flow visualization techniques to investigate free

convection in porous cavities.

One of the earliest empirical studies of buoyancy-driven flows in differentially heated cavities
filled with a porous medium was conducted by Seki et al. [101]. They proposed a correlation for
calculating the Nusselt number (Nu) on the hot vertical wall of porous cavities based on the Prandtl

number, the Rayleigh number and the height-to-width ratio of the enclosure.

Belwafa et al. [102] conducted an experimental study on the natural convection flow in a cavity
partially filled with a horizontal porous layer. They employed different conventional fibrous

insulators as the porous media. The results indicated that the average Nu number on the cold wall
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rises as the air gap between the insulation layer and the cold wall increases. Therefore, they

recommended that partial insulation be avoided in practical applications.

Song and Viskanta [103] experimentally and numerically studied free-convection flow and heat
transfer in a differentially heated rectangular cavity, in which one half of the enclosure was filled
with a vertical layer of an anisotropic porous medium, and the other half was the clear fluid region.
They employed electrolysis dye generation for flow visualization. Comparing the experimental
data with the mathematical modelling questioned the validity of adopting the laminar flow model
at high Ra values (i.e., Ra ~10”). Moreover, the results revealed that as the Rayleigh number and
permeability of the porous layer increase and the aspect ratio of the cavity decreases, the

penetration of fluid flow into the porous region increases.

Bagchi et al. [104] experimentally investigated the buoyancy-driven flow in a rectangular cavity
containing a fluid-superposed porous medium subjected to localized heating at the lower boundary.
They evaluated the impacts of the porous layer thickness and the heating element length on the
heat transfer performance. It was observed that by increasing the porous layer-to-cavity height
ratio, the average Nu on the heated wall decreased. However, the heater length ratio did not

significantly affect the hot wall's average heat transfer coefficient.

Particle Image Velocimetry (PIV) is a non-intrusive optical flow-visualization technique widely
used in experimental investigations of natural convection in cavities [105-108]. It offers
significant advantages over traditional measurement methods. By seeding the fluid with tracer
particles, PIV captures instantaneous velocity fields with high spatial resolution, enabling
researchers to study complex flow patterns and vortices. The technique provides valuable insights
into fluid dynamics, boundary-layer characteristics, and heat-transfer distribution within the cavity.

Moreover, PIV's non-intrusive nature prevents perturbation of the flow, ensuring accurate and
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reliable data acquisition. Liu et al. [109] employed PIV for measuring the slip coefficient at the
porous-fluid interface in a cavity partially filled with a vertical porous layer. Ataei-Dadavi et al.
[110,111] utilized PIV and liquid crystal thermography (LCT) to visualize the velocity and
temperature fields at pore scales in a differentially heated enclosure filled with large solid spheres
forming a coarse porous medium. Various sphere materials, diameters and packing configurations
were investigated. They concluded that the heat transfer rate in the porous cavity is lower than in

the clear cavity, unless the porous medium is highly conductive.

The impacts of employing nanofluids [112,113], applying magnetic fields [113], and incorporating
phase change materials (PCMs) [114] on the natural convection flow in porous enclosures have
been explored experimentally in the literature. However, for the purposes of this thesis, the focus
is directed towards a distinct aspect of the field. Therefore, this section intentionally avoids going

into the complex details of those interactions.

Table 2.2 presents a comprehensive overview of experimental investigations concerning natural
convection in enclosures that are either completely or partially filled with porous media. The table
summarizes essential details, including the instrumentation, flow conditions, and geometric

configurations used in these experiments.
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Table 2.2. A summary of the experimental studies of natural convection in enclosures fully or partially filled with

porous media.

Authors Geometry Properties Instrumentations/results
Seki et al. 1 < Ra* <10° They proposed a correlation for the
1< Pr<200 calculation of the Nu:

(1978) [101]
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Viskanta (1994) Th
[103] H

Height to width ratio of the
cavity (H/W)  varied
between 5-26.

Three different samples as
the porous media.

K, =18x107° (m?)

Kz = 13 x 10~° (m?)

Ke = 4.9 x 10710 (m2)
£, = 0.988

€5 = 0.983

£c = 0.956

Ra~10°

£ =0.629
£ =0.744
£ =10.801
Pr =15.98
Pr =6.47
Pr =230
Ra~107 — 10°

H
Nu' = 0.627 Pro*3()=*5*Ra™""™

e  Copper-constantan thermocouples were
used for the temperature measurement.

e Increasing the air gap at a constant
porous thickness, increases the Nusselt
number.

e In practical applications, the partial
insulation should be avoided.

e  T-type thermocouples for measuring
hot and cold walls temperatures.

e 9 K-type thermocouples for evaluating
the temperature of the porous section.

e  Electrolysis dye generation was utilized
for flow visualization.
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Table 2.2. A summary of the experimental studies of natural convection in enclosures fully or partially filled with
porous media (Continued).

Authors Geometry Properties Instrumentations/results
e  E-type thermocouples were used for the
Bagchi et al. Cooling Water £=038 temperature measurements.

(2012) [104]

Liu et al.
(2013) [109]

Solomon et al.

(2017) [112]
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Da = 4.04 x 107°
107 < Ra < 10°

Four porous layer-to-
cavity height ratios:
0.5,0.67,0.75, 1

Two heater-to-cavity
length ratios:
0.11,0.44

£=0.908
K =185 x 107¢ (m?)
10* < Ra < 10°

€ =0.249
K =343 x 1077 (m?)

The range of the Rayleigh
number for the clean
cavity:

Ra~108

The range of the Rayleigh
number for the porous
cavity:

10® < Ra < 10*

With increasing the porous layer-to
cavity height ratio, the average Nu on the
heated wall decreases.

The heater length ratio does not have a
significant effect on the average heat
transfer coefficient of the hot wall.

PIV was wused for the velocity
measurement inside the porous, and at
the porous/fluid interface.

They concluded that the dimensionless
slip velocity at the interface of porous
and fluid does not change along the
height of the interface.

T-Type (OMEGA) thermocouple wires
with a thickness of 0.25 mm and an
accuracy of +0.2 °C were utilized.

They utilized Berkovsky's equation for
the validation of their experimental
study.

By adding 0.05% of alumina nano-
particles to the base fluid (water), the
average Nu number increased by up to 10
%.
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Table 2.2. A summary of the experimental studies of natural convection in enclosures fully or partially filled with
porous media (Continued).

Authors

Geometry

Properties

Instrumentations/results

Ataei-Dadvi
et al. (2019)
[110]

Ataei Dadvi
et al. (2019)
[111]

Qietal.
(2019) [113]

Zhang et al.
(2022) [114]
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Copper top plate
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107 < Ra < 10°

Pr =6.75

Pr=17.63

Different sphere solid
materials (polypropylene,
glass, steel, and brass) as
large porous media were
used for filling the cavity.

107 < Ra < 10°

Pr =6.75
Pr =17.63
Different sphere solid

materials (polypropylene,
glass, steel, and brass) as
large porous media were
used for filling the cavity.

£ =094

Copper metal foams with
two different pores per
inch values, but with

similar  porosity were
used:
PPI=5, 10

Tilt angles of cavity:
0°, 45°,90°, 135°

Different porous media,
including iron and copper
iron foams, were tested.

£ =0.922-0.971

Pores per inch values
=10-35

LCT and PIV measurements, Pt100
resistance  thermometers with  an
inaccuracy of £0.03 °C, PID controller
for temperature.

They proposed a new correlation for the
calculation of Nu number in cavities
filled with coarse porous media.

The heat transfer rate within the porous
cavity is lower than that of the clear
cavity, unless the porous medium is
highly conductive.

LCT and PIV measurements, Pt100
resistance thermometers

At lower Ra numbers, no matter what the
sphere material and size are, the
measured Nu number in porous cavity is
lower than that of the pure Rayleigh-
Bénard convection.

However, at higher Ra numbers, the
measured Nu number is rather similar in
the two cases.

T-type thermocouples, silica gel heating
sheet (Q=15 W) is used to provide a high
constant temperature for the hot side of
the cavity.

As the PPI increases, the average Nu
number on the hot wall increases.

The highest heat transfer can be achieved
in the cavity with a tilt angle of 90°.

A 40-W silicone rubber heater was used
for heating the cavity.

T-type thermocouples (Omega TT-T-30-
SLE) for temperature measurement.

An infrared camera for capturing the
temperature field of PCM.

Unlike small cavities, in large cavities,
both conductive and convective regimes
are significant.
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2.5.2 Theoretical Studies of Natural Convection in Porous Enclosures

This section mainly focuses on theoretical and numerical studies of natural convection in porous
enclosures. Accordingly, first, an overview of the current understanding of natural convection in
porous enclosures without internal bodies will be provided. Then, the impacts of the presence of

internal bodies on fluid flow patterns and convective heat transfer will be discussed.

2.5.2.1 Natural Convection in Porous Enclosures without Internal Bodies

Investigation of buoyancy-driven flow in rectangular cavities, fully or partially filled with porous
media, can be found in earlier studies [103,115-119]. The accuracy of simulating the natural
convection in porous beds is highly dependent on selecting the appropriate model for deriving
momentum equations in porous regions. The well-known Darcy model is the most basic form
relating pressure drop and velocity in porous media. According to Darcy's law, the frictional drag

caused by the presence of the porous medium is directly proportional to the velocity [97,98].

While Darcy's model can be applied to a wide range of engineering applications, it loses accuracy
in two cases. First, the Darcy model cannot consider the impact of no-slip conditions on the walls.
This is particularly important in closely packed porous media. When the effect of the walls is
substantial, the Darcy-Brinkman equation can be used to estimate the pressure drop, which can
consider the near-wall-region effects [97,98]. Second, the Darcy model is not applicable when the
inertia effects become significant at high fluid velocities. Hence, the Forchheimer term, which can

consider the inertial impact, should be added to the momentum equations [97,98].

Beckermann et al. [117] carried out numerical and experimental studies to evaluate the natural
convection in a vertical cavity partially filled with a porous medium. They adopted the Darcy-
Brinkman-Forchheimer (DBF) model to derive the momentum equation in the porous region. The

results indicated that at lower values of Da and Ra, the heat transfer in the porous region was
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dominated by conduction. Singh and Thorpe [119] compared the application of three different
models, including Darcy, Brinkman-extended Darcy and Brinkman-Forchheimer-extended Darcy
models, in simulating the natural convection in a cavity partially filled with a horizontal layer of a
porous medium. It was concluded that for lower Darcy numbers (i.e., Da < 10™%), there was not
a significant discrepancy between the three models. However, at higher values of the Darcy
number, the Brinkman-Forchheimer-extended Darcy model was preferable as it considers the
impact of inertia. Chen et al. [120] utilized DBF to study the free convection flow inside a cavity
partially filled with two horizontal porous layers in its upper and bottom parts. It was observed
that at constant values of Da and Ra numbers, increasing the thickness of the porous layers reduces
the local Nusselt number, and this decrease in Nu is more significant for the upper part of the

cavity.

Another vital factor that needs to be considered for the numerical simulation of buoyancy-driven
flow in porous media is the validity of the local thermal equilibrium (LTE) assumption. By
adopting LTE, an identical temperature will be considered for the solid matrix and the fluid phase
at any given location within the porous medium. Numerous studies utilized LTE to simplify the
analysis of heat transfer within porous media [120—-124]. However, the LTE assumption loses
applicability when the temperature difference between the solid and fluid phases becomes
considerable. For instance, when the porous matrix has high thermal conductivity (e.g., metal
foams and heat sinks) and there is a phase change or heat generation in the porous media, local

thermal non-equilibrium (LTNE) approaches should be implemented instead.

Khashan et al. [125] used the Finite Volume Method (FVM) to simulate a non-Darcian flow in a
porous enclosure. They evaluated the validity of the local thermal equilibrium assumption in

porous media at various Rayleigh and Darcy numbers. The results indicated that neglecting the
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non-Darcian effects, especially the Forchheimer term, at higher Rayleigh numbers overestimates
Nu and the LTNE values. Ghalambaz et al. [126] analyzed the impacts of the location of constant
temperature elements on a conjugate free-convection heat transfer in an enclosure filled with a
porous medium by considering the LTNE effect. The results revealed that the maximum heat
transfer rate from the walls to the porous media occurred when both the heating and cooling
elements were located at the center of the walls. Moreover, the lowest heat transfer rate occurred
when the heating and cooling elements were near the top and bottom walls, respectively. Other
aspects of employing the LTNE approach in simulating the free convection within porous cavities,
such as applying linearly [127] or sinusoidal thermal boundary conditions [128], using nanofluids
[129], saturating the porous region with non-Newtonian fluid [130], varying wall waviness [131],

imposing magnetic field [132] have been thoroughly investigated in previously published works.

2.5.2.2 Natural Convection in Porous Enclosures with Internal Bodies

Numerous studies in the literature have investigated the flow and heat transfer characteristics of
free-convection flow inside cavities partially or fully filled with porous media [122-124,133,134].
However, there are relatively fewer works that consider the effect of the existence of an internal
obstruction inside enclosures containing porous media. These studies generally investigated the
impact of varying the internal bodies' geometry, arrangements and boundary conditions on the heat

transfer performance within rectangular cavities.

Based on the complexity of the problem, the Finite Difference Method (FDM) can be adopted to
discretize the set of governing equations for simple geometries. Alomar et al. [135] utilized FDM
to compare the heat transfer performance of the in-line and staggered arrangements of a bank of
orthogonal heated elements in a square porous enclosure. They concluded that the heat transfer

performance of the in-line configuration of the elements outperformed that of the staggered
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arrangement. Basher et al. [136] adopted FDM to investigate the buoyancy-driven flow in a square
cavity filled with porous media, including vertical and horizontal heated elements. The results
indicated that the application of horizontal elements could provide a more favorable heat transfer

outcome.

For numerical investigation of more complex problems, such as natural convection flows in porous
cavities embedding single or several cylinders, the Finite Element Method (FEM) and Finite
Volume Method (FVM) can be implemented [99,137-142]. For instance, Khanafer et al. [99] and
Alturaihi et al. [137] deployed FEM to study the steady natural convection in confined porous
enclosures embedding a single cold and heated circular cylinder, respectively. Hussain et al. [138]
numerically investigated the heat transfer rate of various cylinder geometries, including circle,
triangle, rectangle, rhombus and ellipse inside a square enclosure partially filled with porous media
and nanofluid. The results showed that the triangular heated cylinder has a higher heat transfer rate
at similar boundary conditions. Abdulkadhim et al. [139] utilized COMSOL Multiphysics software
to simulate the steady free-convection flow in a wavy enclosure partially filled with nanofluid and
porous layers. It was observed that an increase in the thickness of the porous layer leads to a
reduction in the average Nusselt number. Several studies numerically addressed the presence of a
pair [140] or four circular [140,142] isothermal cylinders in porous cavities. Generally, the impact
of the cylinder spacing on the time-averaged Nu of each cylinder is not significant at lower values
of the Rayleigh number (i.e., when conduction is dominant). However, at higher Rayleigh
numbers, the cylinders' average Nu increases with increasing transverse and horizontal distances

between the embedded cylinders [141].

A summary of the numerical studies on the natural convection flow in porous enclosures

containing internal bodies is provided in Table 2.3.
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Table 2.3. A summary of the studies on the natural convection flow in porous enclosures containing internal bodies.

Internal Body Steady/Unsteady Numerical Parameters Computational Reference
Method Domain

Bank of constant temperature Steady FDM 100 < Ra* <1000 2D Alomar et al.

orthogonal heated plates in a square (LTNE Model) Da =107° (2021) [141]

porous enclosure

Vertical and horizontal heated elements Steady FDM 200 < Ra* <1000 2D Basher et al.

with constant temperature embedded (LTNE Model) Da = 107° (2022) [136]

in a square porous cavity

Single cold cylinder embedded in a Steady FEM 103 < Ra < 10* 2D Khanafer et al.

square porous cavity with a flexible wall Da = 1072 (2020) [99]

Single isothermal cylinder embedded Steady FEM Ra=14x%x10"& 2D Alturaihi et al.

in a square porous cavity with a flexible Ra = 4.23 x 107 (2020) [137]

wall Da = 1072

Different constant temperature heated Steady FEM 103 < Ra < 10* 2D Hussain et al.

objects, including circle, triangle, 1075 < Da<10! (2019) [138]

rectangle and ellipse inside a square

enclosure partially filled with porous

media and nanofluid

Isothermal hot corrugated cylinders Steady FEM 10 < Ra < 10° 2D Abdulkadhim

inside a wavy enclosure filled with (COMSOL) 1075 < Da<10? et al. (2019)

nanofluid superposed in porous— [139]

nanofluid layers

A pair of isothermal hot cylinders Unsteady FEM 103 < Ra < 10° 2D Pal et al.

embedded in a square porous cavity 107* < Da <1072 (2018) [140]

Four isothermal hot cylinders Unsteady FEM 103 < Ra < 10° 2D Nammi et al.

embedded in a square porous cavity (COMSOL) 107* < Da <1072 (2022) [141]

Four isothermal cold cylinders Unsteady FVM 10* < Ra < 10° 2D Hashemi-

embedded in a square porous cavity with (ANSYS Da = 1073 Tilehnoee et al.

a flexible wall saturated with nanofluid FLUENT) (2020) [142]

and NEPCM-water
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2.6 Novelty and Contributions

The literature reviewed in Section 2.3 revealed that, despite their potential, existing air disinfection
technologies face several significant challenges, including high operational and capital costs, high
energy consumption, generation of harmful byproducts, and complex installation and maintenance
requirements. In addition, when it comes to disinfecting HVAC filters as reservoirs of captured
microorganisms, heat-based disinfection emerges as the only viable approach capable of
penetrating the porous structure of pleated filters without introducing chemicals or secondary
byproducts. However, existing heat-based filter disinfection methods, such as self-heating filters
[87], are often associated with high pressure drop, excessively elevated operating temperatures,
and unintended heat addition to the HVAC system, while passive solar-based approaches [86] rely
strongly on ambient and environmental conditions. These limitations collectively highlight the
need for an energy-efficient, scalable, and HVAC-compatible heat-based filter disinfection

technology.

From an operational perspective, the studies reviewed in Section 2.4 provided essential insights
into investigating pleated air filters as porous media. However, to date, no detailed investigation
has examined the combined effects of the presence of heating elements (cylinders), flow-control
gates, and gate-opening/closing mechanisms on the pressure drop and particle removal efficiency
of pleated HVAC filters. Furthermore, reviewing the studies of natural convection in porous
enclosures in section 2.5 revealed that, to date, far too little attention has been paid to unsteady
natural convection in confined enclosures containing pleated porous media and heating elements,
especially under conditions relevant to HVAC applications. Most of the studies in the literature
focused on laminar natural convection (Ra < 107) and square porous media (1075 < Da).

However, this thesis requires the investigation of turbulent natural convection (108 < Ra) at lower
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Darcy number ranges (Da < 107?) in pleated filter media. The lack of studies addressing this
regime constitutes a fundamental knowledge gap in the coupling of heat transfer, buoyancy-driven

flow, and filtration media.

To address these research gaps, the present thesis will develop a methodology for the optimal
design of the integrated system of pleated air filters and heating elements. The main novelty and

research contributions of this thesis include:

1. Proposing a novel, energy-efficient air disinfection approach that combines air filtration with
thermal inactivation.

2. Developing and evaluating multiple design concepts and prototypes for implementing the
proposed technology in both single-stage and multi-stage filtration configurations.

3. Evaluating the energy performance of the system while measuring pressure drop and particle
removal efficiency according to the ASHRAE 52.2 standard [22].

4. Investigating the effect of the existence of heating elements (cylinders) in the ductwork, the
presence of flow-control gates, and gate opening/closing mechanisms on the pressure drop and
the particle removal efficiency of pleated filters.

5. Examining the impact of heating element configurations on the unsteady turbulent buoyancy-
driven flow within cavities containing pleated filters.

6. Identifying optimal geometric configurations and operating parameters that yield uniform
temperature distributions and effective thermal disinfection across the filter surface for a
natural-convection-based (fanless) system.

7. Determining optimal operating conditions for forced warm-air recirculation, including air
recirculation rate and temperature, in cases where natural convection alone is insufficient to

achieve uniform and effective disinfection.
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Chapter 3. Numerical Simulation of Buoyancy-Driven Flow in an
Enclosure Containing Tubular Heating Elements
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3.1 Preface

This chapter provides guidelines for designing the experimental setup of the natural-convection-
based system, which is described in detail in Chapter 4. The main objective is to use CFD
simulations to explore various heating-element and filter-frame configurations that can reduce the
temperature non-uniformity inherent to natural convection. The resulting optimal configurations
are then tested experimentally with actual filters in Chapter 4 to verify their effectiveness under

realistic operating conditions.

3.2 Problem Description

As discussed in Chapter 2, air filters have complex geometries and diverse material properties;
therefore, explicitly including them in the computational domain would introduce unnecessary
complexity, variability, and computational cost. By excluding the filter, this chapter can focus more
efficiently on the core objective, identifying heating-element arrangements that produce uniform

heating within the unit.

Figure 3.1 illustrates five different configurations considered for the system in the symmetrical
plane. As is evident, each enclosure includes heat-generating cylinders (heating elements) with a
diameter of 8 mm that increase the temperature of the air mainly by buoyancy-driven flow. The
main idea is to investigate the impacts of changing the number of cylinders, heating element

arrangements, and frame geometry on temperature distribution within the enclosed cavity. To this
end, a constant amount of heat generation of approximately 1.2 x10° (%) is applied to cylinders

in all cases. Given the cylinder length in the spanwise (out-of-plane) direction is 30.5 cm, this heat
generation rate corresponds to a total heat input of approximately 140 W and 180 W for

configurations with 8 and 10 cylinders, respectively.
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In Config. I, 8 cylinders are equally spaced in the center line of the enclosure. In Config. II, 8
cylinders are arranged in a way that the number of elements near the bottom of the frame be denser.
In Config. 111, a heating chamber is added below the unit frame to act as a mixing plenum, and 8
cylinders are positioned at varying distances. In Config. I'V, all 8 cylinders are placed in the heating

chamber. Configuration V investigates ten cylinders positioned at varying distances.

1.2 em Config. T 1.2 em Config. 11
Ny
25¢cm
Heating Element
8cm
20.5 cm
8 cm Frame
8 em
16 cm
8cm
8 cm 8 cm
4 cm
8cm
4 cm
2 cm
8cm Zem
2cm
2.5¢em 2.5cm
1.2 cm 1.2 cm

Fig. 3.1. A schematic representation of five different configurations considered for the numerical simulation.
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Config. IV Config. V

1.2 cm o 1.2cm
61 cm 61 cm
16 em
16 em
8cem §em
2cm
4 cm 2em
2cm
3.2em 3.2cm
2 em 2cm 2cm
g c‘m : 2cem 8 cm 2 cm 8em
em d 2em ¢ Zcem
Tem 1em £ =\ 1 crf —
8.4 cm = 1.2 em 1.2 em

Fig. 3.1. A schematic representation of five different configurations considered for the numerical simulation
(continued).

3.3 Assumptions

As portrayed in Fig. 3.1, the computational domain includes activated heating elements
(cylinders), fluid region (air) and the polycarbonate frame. Constant heat generation (1.2 x10%) is
applied to the cylinders, and all external walls are insulated. Simplifying assumptions will be

implemented to reduce the complexity of the problem as follows:

1. The fluid in the enclosure is Newtonian.

2. The flow is assumed to be 2D. Owing to the geometric symmetry of the configuration and the
thermally insulated boundary conditions on the walls, two-dimensional simulations are
expected to provide accurate predictions for the range of Rayleigh numbers considered in this
thesis (Ra~10°)[143,144]. Although the two-dimensional approximation entails some loss of

accuracy near the walls, as it does not capture heat transfer in the spanwise (out-of-plane)
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direction, it reduces the number of computational cells by approximately two orders of
magnitude, thereby substantially lowering the computational cost. Therefore, by balancing
accuracy and computational efficiency, the flow is modelled using a two-dimensional
formulation.

The effect of viscous dissipation is neglected.

The radiation heat transfer is neglected. It is assumed that the heating elements and internal
walls are covered with a thin aluminum foil.

The pressure work is neglected as the velocities in the natural convection are relatively low.
The thermophysical properties of the solid regions, encompassing the heating element and unit
frame, are assumed to be constant and invariant with temperature.

The heating element was approximated as a homogeneous solid with equivalent
thermophysical properties derived from an assumed volumetric composition of 80% MgO
powder and 20% stainless steel, based on typical manufacturer specifications for thin-walled

tubular heaters.

It should be noted that, since the heating element temperature exceeds 100 °C in our study, the

temperature difference between the hot and cold surfaces can easily exceed 28 °C, the threshold

for employing the Boussinesq approximation [145]. Hence, in this study, the Boussinesq

approximation cannot be adopted; instead, density variations due to temperature must be fully

retained. Moreover, according to Refs. [143,144], for the buoyancy-driven flow induced by a hot

cylinder in a cold square cavity, the flow becomes fully turbulent when Ra = 108. In this study,

like most real-world engineering applications, the Rayleigh number exceeds 108. Accordingly, to

study the unsteady turbulent natural convection flow, this thesis employs the shear-stress transport

k—w Reynolds-Averaged Navier-Stokes (RANS) model, which has been shown to provide
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accurate results compared to experimental data and high-cost direct numerical simulation (DNS)

and large-eddy simulation (LES) methods [146—148].
3.4 Mathematical Modelling

3.4.1 Governing Equations
Considering the assumptions mentioned in section 3.3, the governing equations for the unsteady

turbulent natural convection flow with variable air properties can be derived as follows

[98,145,149,150].

Clear fluid region (air):

Continuity equation:

dp, _ (3.1)
V)=0
ot )
Momentum equation:
o] 3.2
(g‘; ) +V- (pgVV)=-Vp+V- [(u + 1) (VV +VTV = (|7 V)I) - §pak1] + pad G2

where k is the turbulent kinetic energy, and u; denotes the turbulent viscosity, which can be

calculated as follows [149]:

pPak 1 (3.3)
Uy =
© max | 3
a*’ a,

in which w represents the specific dissipation rate. a” is the low-Reynolds-number correction

coefficient, S is the strain rate magnitude, F, is the blending function, and a, is the model constant.

Turbulent kinetic energy:

d(pak)

o + V- (pkV) =7V - [( g—;)Vk]+Gk—Yk+Sk 34
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Specific dissipation rate:

9(paw)
dt

where o0y, and g, are the model constants, G and G,, show the generation terms, Y} and Y,, denote

(3.5)

+l7-(pawl7)=V-[(u+:—t)|7w]+6w—Yw+Dw+Sw
w

dissipation, D, represents the cross-diffusion term and Sj and S, are the user-defined source

terms. The details of these parameters can be found in Ref. [149].
Energy equation:

(3.6)

hsp,a

Dt

= V- ((kq + k)VT)
in which hg, , is the specific enthalpy of air, D/Dt represents the total derivative, k, is the air

thermal conductivity, and k, is the turbulent thermal conductivity, whose calculation details are

provided in Ref. [149].

Solid regions (unit's frame and heating element):

oT.
a—ts = (XSVZTS

(3.7)

where a represents the thermal diffusivity of the solid regions.

It should be noted that Nusselt number (Nu), a key dimensionless heat-transfer parameter that will

be used for validation against previous studies in Section 3.5.3, is defined as:

hD D
Nu=_¥“__9% (3.8)
ka (Th - Tc)

in which D denotes the cylinder diameter, T}, and T, are the temperatures of the hot and cold
sources, respectively. q is the local heat flux over the cylinder wall, which can be determined as

follows:
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aT (3.9)

q:—a%

where n shows the outward normal direction at the cylinder wall.

3.4.2 Boundary and Initial Conditions

No-slip boundary conditions are considered for all solid surfaces, including the enclosure walls
and the cylinder surface for the velocity field. The enclosure walls are assumed to be thermally
insulated, while the cylinders are modelled as a solid region with uniform volumetric heat
generation. The computational domain is initially at rest (no flow movement) and at a uniform
temperature of 22 °C. At no-slip walls, the turbulent kinetic energy is damped to zero, and the

specific dissipation rate is imposed via the model’s wall boundary condition.

The temperature-dependent thermophysical properties of air, including density (p), thermal
conductivity (k), dynamic viscosity (i), and specific heat capacity (C,) are extracted from Ref

[151]. The unit frame is assumed to be made of solid polycarbonate, and the properties are adopted

based on the manufacturer’s datasheet (p = 1210 k—g3 , k=02-2 , Cp = 1250L).
m m.K kg.K

Furthermore, for the heating element, based on Assumption 7 described in Section 3.3, the
equivalent density and heat capacity were computed using volumetric, assuming a composition of
80% MgO powder and 20% AISI 304 stainless steel. The effective thermal conductivity was
estimated using standard composite mixing rules, with the classical series and parallel composite
conduction models providing lower and upper bounds, respectively [152]. The value adopted in

the simulations corresponds to the average of these bounds. The resulting equivalent properties of

the heating element used in the simulations are p = 4500 k—g3 , k= 36.6— , Cp, =900 L
m m.K kg.K
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3.5 Numerical Method

3.5.1 Numerical Grid

The numerical grid was generated by first creating the geometry of the computational domain
using Design Modeler software. The computational domain consists of the unit frame, the fluid
region, and the heating elements (cylinders). Subsequently, Ansys Meshing was employed to
generate the numerical grids. Figures 3.2 and 3.3 present the meshes for the configurations without

and with a chamber, respectively.

As illustrated in Figs. 3.1a—c and 3.2a—c, the numerical grid comprises both structured and
unstructured regions. Unstructured triangular elements with a size of 0.3 mm are used inside the
heating cylinders, while structured quadrilateral elements are employed in the remaining regions
of the domain. The mesh is locally refined near the surfaces of the heat-generating cylinders and
along the internal walls of the frame and chamber. The height of the first near-wall cell was selected
to ensure that the dimensionless wall distance satisfies 1 < y* < 5 [149]. Accordingly, the first-
layer thickness was set to 0.2 mm near the cylinder surfaces and 0.3 mm near the internal frame
walls. Furthermore, for all configurations, the minimum orthogonal quality exceeded 0.8, and the

maximum skewness remained below 0.1, indicating a high-quality computational mesh [149].
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(a) (c)

Fig. 3.2. A schematic view of the numerical grid for the unit without the chamber: (a) whole domain, (b) zoomed view
of section A, and (¢) zoomed view of section B.

(a) (b) (c)

Fig. 3.3. A schematic view of the numerical grid for the unit with the chamber: (a) whole domain, (b) zoomed view of
section A, and (c) zoomed view of section B.
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3.5.2 Solver Setup

To simulate the conjugate heat transfer problem, the full set of governing equations, including the
continuity equation, the Navier—Stokes equations, the transport equations for turbulent kinetic
energy and its specific dissipation rate, and the energy equation, were discretized and solved using
Ansys Fluent 2023 R2. A pressure-based solver was employed. Pressure interpolation was
performed using the PRESTO! (Pressure Staggering Option) scheme, as recommended in Ansys
Fluent Users’ Guide for buoyancy-driven flows [149]. Second-order upwind discretization
schemes were applied to the momentum, turbulent kinetic energy, specific dissipation rate, and
energy equations to improve solution accuracy. Pressure—velocity coupling was achieved using the
SIMPLE algorithm. A CFL'-based adaptive time-stepping approach was implemented, allowing
the time step to vary between 0.005 s and 0.1 s, ensuring that the Courant number, Co = VAt/Ax,
remained on the order of unity or lower. The convergence criteria were set to 10 for the energy
equation and 107 for all other variables. All simulations were carried out for a total physical time

of 600 s for each configuration.

3.5.3 Grid Independence

To ensure that the numerical results were independent of mesh resolution, a grid-independence
study was performed. For this purpose, four computational grids were developed for Config. I,
referred to as Case 1, Case 2, Case 3, and Case 4, containing 64,742, 123,412, 197,376, and
262,914 cells, respectively. The average Nusselt number over the cylinders was selected as the
primary evaluation parameter, as it reflects both the heat transfer and flow characteristics of the

system.

! Courant-Friedrichs—Lewy
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Running the simulations for each case demonstrated that the solution did not converge for Case 1.
Figure 3.4 depicts the mesh sensitivity analysis for Cases 2, 3, and 4. As is evident, refining the
mesh from Case 3 to Case 4 has a negligible effect on the average Nusselt number (less than 0.6%).
Therefore, considering both accuracy and computational cost, a mesh resolution comparable to
Case 3 (approximately 197,000 elements) was adopted as the reference level of refinement for all

configurations analyzed in this study.
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Fig. 3.4. Mesh-sensitivity analysis showing the effect of grid resolution on the average Nusselt number over the
cylinders for Config. I during 600 s. The inset highlights the negligible difference between Cases 2—4 near the end of

the simulation.
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3.5.4 A Test of Validation

Experimental validation of unsteady turbulent natural convection requires non-intrusive optical
measurement techniques, such as Particle Image Velocimetry (PIV) and Liquid Crystal
Thermography (LCT), to resolve the velocity and temperature fields [110,111,153,154].
Implementing such techniques is beyond the scope of this thesis. Furthermore, to the best of the
author’s knowledge, no experimental or numerical studies have been reported in the literature that
investigate the configurations considered in this work at high Rayleigh numbers (Ra > 108).
Consequently, numerical results available in the literature for simpler geometries, specifically, 2D
and 3D unsteady turbulent natural convection around a heated cylinder located at the center of a
square enclosure with cold walls [143,144], were employed to validate the numerical methodology

adopted in this thesis.

The geometry of the computational domain investigated in Refs. [143,144] is illustrated in Figs.
3.5aand b. The square cavity has dimensions of D x D and contains a centrally located cylindrical
heat source maintained at a temperature of 303 K (7}), while all cavity walls are held at a uniform
cold temperature of 283 K (T,). The cylinder radius (1) is equal to 0.2D. A Rayleigh number of
108 1s considered, corresponding to a cavity dimension of 0.36 m. While Aithal employed the
Wilcox k—w turbulence model in their study, the k—w SST turbulence model was adopted in this
thesis. Figure 3.6 compares the results of the current simulations with the corresponding 2D and
3D results reported by Aithal [143,144]. A schematic representation of the numerical grid used for

the validation case is provided in Appendix A.

As shown, the local Nusselt number distributions on the cylinder wall at various angular positions
measured from the top of the cylinder (), as well as on the cavity walls at different dimensionless

distances from the center of the top wall (S), show good agreement between the 2D results of the
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present study and the 2D results reported in Ref. [143]. The discrepancies observed between the
2D results of this study and the 3D results of Aithal [143] are primarily attributed to neglecting
heat transfer in the spanwise (out-of-plane) direction, as discussed in Section 3.3. Since 3D
simulations require approximately two orders of magnitude more computational cells, adopting a
2D modelling approach represents a reasonable compromise between accuracy and computational
efficiency. This approach is therefore considered adequate for comparing the heat-transfer

performance of different configurations from an engineering perspective in this thesis.
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Fig. 3.5. Schematic representation of (a) 3D, and (b) 2D computational domains (extracted from Refs. [143,144]).
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Fig. 3.6. Comparison of (a) local Nusselt number on the cylinder wall at various angular position, and (b) local Nusselt
number on the enclosure walls at different dimensionless distances with Aithal 2018 [143].
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3.6 Results and Discussion

Figure 3.7 presents the temperature contours in the enclosure for the five configurations at t = 600
s. Based on the temperatures at this time and the enclosure height as the characteristic length scale,
the Rayleigh numbers for all configurations are slightly above 10°, indicating fully turbulent
natural convection. In this study, a mean Rayleigh number is evaluated using the mean temperature
of all heating elements relative to the cold enclosure walls. It should be noted that the present
problem is inherently transient; therefore, the temperature-based Rayleigh number is not constant
and increases with time as the temperature difference between the heating elements and the
surrounding air changes. Although some studies define modified Rayleigh numbers based on the
heat generation [155—158], to the best of the author’s knowledge, there is no single universal
critical Rayleigh number for such cases. Consequently, a temperature-based Rayleigh number is

adopted here to characterize the flow regime.

Figure 3.7a shows that adopting Config. I, in which eight heat-generating cylinders are equally
spaced along the centerline of the enclosure, leads to pronounced temperature non-uniformity. Air
in the vicinity of the cylinders is heated, its density decreases, and it rises due to buoyancy, forming
distinct warm air plumes around the cylinders. As a result, the air temperature in the upper region
of the enclosure becomes significantly higher than that near the bottom. Such temperature
stratification must be mitigated before installing any filter inside the enclosure. Figure 3.7b
indicates that redistributing the same number of cylinders with a denser arrangement near the
bottom of the enclosure (Config. II) slightly reduces the temperature non-uniformity. However,
the improvement remains limited and noticeable temperature gradients still persist between the

bottom and top regions.
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To address this issue, a heating chamber is installed beneath the enclosure frame to serve as a
mixing plenum, preheating the air before it enters the main frame region. As illustrated in Figs.
3.7c and 3.7d, distributing the cylinders between the frame and the chamber with varying spacing
(Config. III), substantially reduces the temperature difference within the enclosure. In contrast,
placing all cylinders inside the heating chamber (Config. IV) is not effective, as the buoyant air
plume generated in the chamber is not sufficiently strong to transport heated air to the upper region
of the frame. Figure 3.7¢ (Config. V) indicates that increasing the number of cylinders to ten also
improves temperature uniformity. However, the temperature difference between the bottom and
top regions of the frame remains slightly larger than in Config. III. Although the additional
cylinders introduce more energy into the system, they intensify the upward buoyant plume, which

enhances vertical temperature stratification compared to Config. III.

Another important observation from Figs. 3.7a—e is the emergence of asymmetric temperature
contours, particularly when the distance between cylinders decreases or when a heating chamber
is added. Interactions between adjacent plumes, the enclosure walls, and adjacent cylinders at high
Rayleigh numbers lead to flow instabilities and the formation of complex recirculating structures.
Similar behaviour has been reported by Seo et al. [159], where interactions between multiple
heated cylinders led to asymmetric flow patterns at Ra = 10°. Furthermore, it can be observed that
the cylinders’ temperatures are not equal within each configuration. Cylinders located in regions
where the surrounding air is warmer, or where adjacent cylinders are closer, exhibit higher surface
temperatures. For example, in Config. I (Fig. 3.7a), the cylinder located near the top wall reaches
a higher temperature than the one near the cold bottom wall. Since the same volumetric heat
generation is imposed in all cylinders, those surrounded by warmer air transfer less heat to the

fluid (according to Newton’s law of cooling), leading to higher cylinder temperatures.
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Fig. 3.7. Temperature contours in the enclosure for five different configurations at t = 600 s: (a) Config. I, (b) Config.
IL, (¢) Config. I11, (d) Config. IV, and (e) Config. V.
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To quantitatively compare the temperature distribution among the different configurations, air
temperature profiles were extracted along a vertical reference line located 3 cm to the right of the
symmetry line, as shown in Fig. 3.8. The line illustrated in Fig. 3.8b represents the nominal location
of the filter backside in the experimental setup described in Chapter 4. This reference line extends
from 1 cm above the bottom wall to 1 cm below the top wall to account for the thickness of the
filter frame. As evident in Fig. 3.8a, significant differences in temperature uniformity are observed
among the five configurations. In Configuration I, the temperature difference along the reference
line reaches approximately 65 K, confirming the strong vertical stratification previously observed
in the contour plots. In contrast, adopting Configs. III and V reduces this temperature difference
to approximately 15 K and 20 K, respectively, indicating a substantially more uniform temperature

field within the enclosure.

In addition to the overall temperature difference, the shape of the temperature profiles provides
further insight into the flow characteristics within the enclosure. In Config. I, the steep temperature
gradient observed in the upper portion of the reference line indicates strong thermal stratification
caused by concentrated upward buoyant plumes. This confirms that most of the heat accumulates
near the top region due to limited mixing. In contrast, the much flatter profiles in Configs. III and
V demonstrate enhanced mixing and more uniform heat distribution, as the heating chamber and
redistributed elements weaken the direct plume-driven transport and promote lateral recirculation.
Config. IV exhibits a relatively uniform temperature in the lower region but a noticeable drop
toward the top, indicating that although preheating occurs in the chamber, the buoyant flow is

insufficient to carry heated air effectively throughout the entire enclosure height.
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Based on this quantitative assessment, Configs. III and V, which provide the most uniform
temperature distributions, are selected for further investigation in Chapter 4 and will be compared

with Configuration I when a filter is installed inside the enclosure.
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Fig. 3.8. (a) Air temperature profiles for five different configurations at t = 600 s. (b) Schematic representation of the
vertical reference line used for data extraction, located 3 ¢cm to the right of the symmetry line.

3.7 Summary of Chapter

This chapter numerically investigated the unsteady turbulent natural convection in an enclosure
containing tubular heating elements. Five different configurations were examined by varying the
number of heating elements, their spatial arrangement, and the geometry of the enclosure through

the addition of a heating chamber.

Ansys Fluent software was implemented for CFD simulation of a two-dimensional, transient,

conjugate heat-transfer system with temperature-dependent air properties. A detailed grid-
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independence study and validation against benchmark results from the literature confirmed the

accuracy and reliability of the numerical approach adopted in this work.

The results showed that introducing a heating chamber beneath the frame and redistributing the
heating elements to promote preheating and enhanced mixing near the bottom of the enclosure
significantly reduced temperature non-uniformity within the cavity. Designs incorporating these
features are therefore selected for experimental investigation with filters in Chapter 4 to evaluate
the interaction between the heating system and filter performance under realistic operating

conditions.
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Chapter 4. Natural-Convection-Based Thermal Disinfection of Air
Filters: Performance and Energy Evaluation in HVAC Systems

This paper was submitted to the Thermal Science and Engineering Progress.

Mirzazade Akbarpoor, A. Salimi, M., Rasouli, E., Shahbakhti, M., Nouri. A., Natural-Convection-Based
Thermal Disinfection of Air Filters: Performance and Energy Evaluation in HVAC Systems, Journal of
Thermal Science and Engineering Progress, 2026 (Under Review).

61



4.1 Preface

Bioaerosols can be effectively entrapped within the porous structure of HVAC filters. Nonetheless,
conventional filters do not inactivate accumulated/multiplied microorganisms on the filter media,
increasing the risk of pathogen release downstream. To address this challenge, this study presents
a fanless, energy-efficient technology for the thermal disinfection of filters. During disinfection,
buoyancy-driven flow transfers heat to the filter, eliminating the need for recirculating fans and
the reliability and maintenance concerns associated with elevated-temperature operation. The
system encompasses two identical filtration units operating parallelly, each containing a filter with
a minimum efficiency reporting value (MERV) of 11 and tubular heating elements. To reduce the
temperature non-uniformity inherent to natural convection, three system configurations were
experimentally investigated over a range of heater set-point temperatures. The configurations
differed in filter housing design and the arrangement of heating elements. A well-recognized
criterion, maintaining a filter temperature of 65 °C for 10 min, was used to determine the required
disinfection time and energy. Moreover, the acrodynamic performance of the system was evaluated
using an ASHRAE 52.2-compliant wind tunnel at three air velocities (0.5, 0.75, and 1 m/s). The
results revealed that the optimal configuration substantially reduces thermal non-uniformity across
the filter, enabling the entire filter to reach the disinfection condition within approximately 35 min,
with an energy demand of 0.10 kWh. Furthermore, flow characterization tests indicated that the
presence of heating elements and duct modifications does not significantly affect filtration

efficiency and results in a minor increase in pressure drop during normal filtration operation.

4.2 Introduction

The rapid global spread of airborne infectious diseases over the past two decades, encompassing

SARS, HINI influenza, and most recently the COVID-19 pandemic, has highlighted the

62



vulnerability of indoor environments to bioaerosol transmission [4—6]. In enclosed spaces, where
people spend up to 90% of their daily lives [160], airborne pathogens can remain in the air for
several hours and be transmitted over distances of up to hundreds of meters [10—12]. Factors such
as population density, inadequate ventilation, and improper operation of HVAC systems further
compound the risk, making indoor air quality (IAQ) [16,23,30] and thermal comfort [161-163]

critical determinants of public health during pandemics and seasonal outbreaks.

Among engineering controls, filtration is a widely used and cost-effective measure for reducing
airborne pathogen concentrations in recirculated air [23]. HVAC filters entrap particles through
different mechanisms, offering a continuous means of removing pathogens from the airflow
[23,24]. Several studies have demonstrated the effectiveness of HVAC filters in reducing exposure

to bioaerosols and, consequently, reducing contamination rates in indoor environments [164—-166].

Nonetheless, a growing body of evidence points to a major limitation of filtration-only approaches.
HVAC filters accumulate microorganisms during service and can inadvertently become reservoirs
for bacterial multiplication and fungal growth. Several field studies have documented the presence
of viable bacteria and fungi on used filters in hospitals, commercial buildings, and residential
systems [167-171]. Viral RNA of pathogens such as SARS-CoV-2 has also been detected on
HVAC filters [172]. Under normal airflow conditions, loaded filters may release a small but
measurable fraction of captured bioaerosols downstream [26]. During transient events, such as fan
cycling or mechanical vibration, re-entrainment can increase substantially, with reported release
fractions as high as 10-25% depending on loading conditions, airflow velocity, and filter media
structure [27,28]. These findings underscore the necessity for complementary disinfection
strategies that inactivate microorganisms within the filter rather than relying solely on mechanical

capture.
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Thermal treatment represents one of the most effective and reliable approaches for microbial
inactivation [18,78]. Heat penetrates the porous media of filters efficiently [1,59], denaturing
proteins and nucleic acids and thereby inactivating a wide spectrum of bacteria, fungi, and viruses
[19-21]. Thermal exposure at approximately 65 °C for a duration of 10 min has been reported to
substantially decrease the viability of a broad spectrum of HVAC-relevant microorganisms,
including Escherichia coli, Legionella pneumophila, Pseudomonas aeruginosa, Aspergillus spp.,

rhinoviruses, influenza viruses, and coronaviruses [79—84].

Despite the strong potential of heat-based inactivation, a few works have investigated thermally
assisted filtration as a feasible approach for deactivating pathogens accumulated on filter media.
Xie et al. [173] proposed a solar-assisted air-disinfection concept in which a photovoltaic (PV)-
integrated Trombe wall was used to elevate the temperature of air flowing through the system,
while a downstream filter collected bioaerosols. The combined effect of solar-induced heating and
filtration enabled partial thermal inactivation of Klebsiella pneumoniae during daytime operation.
Yu et al. [87] examined self-heating metal foams for capturing and destroying SARS-CoV-2 and
Bacillus anthracis. Their results demonstrated that, with an electrical power input of 500 W, a
pleated nickel foam specimen (24 cm x 30 cm % 1.6 cm) could reach 200 °C, achieving more than

99% inactivation of the collected microorganisms.

An alternative, energy-efficient heat-assisted filtration technology was developed in our prior
works [1,60]. Unlike solar-assisted systems, this technology is not constrained by climate
conditions or day-time availability, and it does not suffer from the high energy demand and
pressure drop related to self-heating metallic filters. Our proposed system consists of two parallel
units, each containing HVAC filters and a dedicated heating mechanism that enables continuous

air filtration alongside thermal disinfection. By closing the gates of one unit and using internal fans
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to recirculate heated air to raise the filter temperature, the design effectively minimizes thermal
losses and reduces the additional heat load on the HVAC system, while maintaining continuous
filtration. The experimental findings demonstrated that a MERV 11 test filter could meet the
disinfection target of 65 °C for 10 minutes with a modest energy input (0.11 kWh) and within only

13 minutes.

More recently, this concept was extended to a two-stage filtration configuration in which forced
convection within insulated units enabled simultaneous thermal treatment of both a lower-MERV
pre-filter and a higher-MERV main filter [59]. These developments highlight the potential of
controlled forced convection in enclosed cavities containing filter media to achieve an energy-
efficient thermal disinfection. However, the systems still rely on small recirculation fans to transfer
heat to the test filters. In enclosures operating at elevated temperatures, fan reliability and
maintenance demands increase, introducing long-term operational challenges, particularly for

large or remote HVAC installations.

To overcome the limitations of fan-driven systems, natural convection, the focus of this study, can
serve as the primary heat-transfer mechanism within insulated disinfection units. By eliminating
moving parts (i.e., recirculating fans), buoyancy-driven heating can enhance system robustness,
improve reliability, minimize maintenance, and reduce long-term operational costs. However,
employing natural convection introduces a complex heat transfer problem. Thermal disinfection
of pleated HVAC filters within a cavity constitutes a transient natural-convection process in an
enclosure containing a porous medium. Considering the large dimensions of HVAC ducts in real-
world applications, and a set point temperature higher than 65 °C for the heat-generating sources
(e.g., tubular heating elements), the resulting buoyancy-driven flow can easily become turbulent

(Ra > 108)[154].
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Although the flow and heat transfer characteristics of buoyancy-driven flow inside rectangular
cavities, including porous media, have been extensively studied, covering laminar
[104,109,112,113,137,140,141], transitional, and turbulent regimes [108,174—177], to the best of
the authors' knowledge, no work has examined natural convection in enclosures containing HVAC-
grade porous media (filters). Moreover, the highly pleated structure of filters induces non-uniform
thermal resistance, making it even more challenging to achieve spatially uniform surface

temperatures, a crucial requirement for effective disinfection.

To address this gap, this study introduces a thermal disinfection approach for HVAC filters that
relies on buoyancy-driven natural convection rather than forced airflow. Tubular heating elements
are employed as heat sources within insulated enclosures to elevate the filter temperature primarily
through buoyancy-driven flow, in contrast to earlier systems that relied on forced convection. To
mitigate the temperature non-uniformity inherently associated with natural convection, a heating
chamber is incorporated beneath the filter frame, and the configuration of the tubular heating
elements is redesigned accordingly. In addition to evaluating heat-transfer performance, this study
investigates the impact of these design modifications on airflow characteristics by comparing the
particle removal effectiveness and flow resistance of the introduced design with those of a standard
HVAC configuration. Section 2 outlines the system architecture and its operating principles in

detail.

The main advances introduced in this work are outlined below.

1. Development of an innovative, energy-efficient, fanless air-disinfection technology that
integrates air filtration with buoyancy-driven thermal inactivation.
2. Investigation of transient buoyancy-driven heat transfer within an enclosed cavity containing

a pleated HVAC filter and multiple tubular heating elements.
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3. Systematic evaluation of filter housing geometry, heating-element arrangement, and heater set-
point temperature on temperature uniformity, and required time and energy to satisfy
disinfection conditions (i.e., 65 °C for 10 min).

4. Experimental assessment of particle removal effectiveness and flow resistance for the
introduced design using an advanced test facility complies with the testing requirements
specified in ASHRAE Standard 52.2 (i.e., details of this standard are provided in Appendix B)

[22].

4.3 Problem Description

Figures 4.1a and 1b depict the working principle of the proposed disinfection technology,
comprising a pair of parallel modules arranged within a shared frame. As shown in Fig. 4.2, each
unit comprises tubular heating elements, a filter housing, and a filter. During the normal operation,
both units remain open and perform filtration, capturing airborne bioaerosols (Fig. 4.1a). After a
defined operating period, a selected module is isolated through gate closure, after which tubular
heaters are activated to raise the filter temperature to the specified level and sustain it for the
required exposure duration. As discussed previously, existing studies suggest that an exposure
temperature of 65 °C for 10 min is adequate for inactivating the most common bioaerosols. These
parameters can be adjusted for microorganisms with higher thermal resistance. The supplied heat
penetrates through the filter depth, inactivating the entrapped or reproduced microorganisms.
Meanwhile, the other unit remains open and continues to filter the incoming air. By alternating the
process between the two units, continuous filtration and periodic thermal decontamination can be

achieved.

As illustrated in Fig. 4.2a, the proposed system in this study relies entirely on natural convection,
without any mechanical assistance or fans to transfer heat to the filter surface. In this configuration,
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the tubular heating elements are positioned at equal spacing, which can lead to significant
temperature non-uniformity due to buoyancy-induced upward motion of the heated air. To mitigate
this effect, the unit design was modified (Fig. 4.2b) by adding a heating chamber beneath the frame
and repositioning the heating elements at non-uniform vertical distances. The dimensions and
layout of the developed disinfection system are shown in Fig. 4.2c. Further details of the
considered configurations designed to address the temperature non-uniformity of the buoyancy-

driven flow are provided in Section 4.4.1.
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Fig. 4.1. Schematic illustrations of the operation of the disinfection units under two modes: (a) open-gates mode,
where two units remain open, and (b) closed-gates mode, where a single module is isolated for thermal inactivation.
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Fig. 4.2. Schematic representations of (a) the standard units with heating elements positioned at equal distances, (b)
the modified units, where heating chambers are added beneath the units and the heating elements are at varying
distances, and (c) the dimensions and layout of the introduced disinfection system, including 1: tubular heating
elements, 2: test filter, 3: gates, and 4: chamber.
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4.4 Methodology

The methodology adopted in this study comprises two parts: the development of an experimental
setup to monitor the thermal performance of the buoyancy-driven system, and the implementation
of'a wind tunnel to evaluate the particle removal effectiveness and flow resistance of the proposed
technology. These experimental setups are described in detail in Sections 4.4.1 and 4.4.2,

respectively.

4.4.1 Heat Transfer Setup

Figure 3 demonstrates the test apparatus used to assess the heat transfer and energy consumption
of the proposed disinfection system. The setup includes the prototype shown in Fig. 4.1,
constructed from polycarbonate sheets. The prototypes are installed inside an aerosol wind tunnel,

which is described in Section 4.4.2.

As noted earlier, to reduce temperature non-uniformity caused by buoyancy-driven flow in Config.
1, a medium-scale heating chamber, 6 cm wide and 8 c¢m tall, is added beneath the filter housings
in the modified designs to accommodate a portion of the tubular heating elements. The chamber
dimensions are selected as a representative, fixed geometry compatible with standard HVAC
ductwork and typical retrofit constraints. The chambers are intended to provide adequate space for
buoyancy-driven flow development and thermal mixing beneath the filter without introducing
excessive flow resistance. Accordingly, the objective of this study is to evaluate the feasibility and
thermal performance of natural-convection-based filter disinfection for this configuration, rather
than to optimize chamber dimensions. Furthermore, unlike Config. 1, where eight tubular heating
elements are spaced uniformly, Configs. 2 and 3 employ eight and ten heating elements,
respectively, positioned at varying distances, as indicated in Fig. 4. Each tubular heating element

has a nominal power of 300 W, a diameter of 8 mm, and a length of 30 cm. To regulate the heater's
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electrical current, pairs of heating elements are wired in series, and these pairs are then connected
in parallel. In addition, as shown in Fig. 4.4, the internal walls of all prototypes are covered with

aluminum foil to reduce radiative losses to the surroundings.

Figure 4.3 illustrates the experimental apparatus employed for thermal and energy performance
assessment of the introduced disinfection system. A PID controller (OMEGA) is used to regulate
the temperature of the heating elements. The test filter is a MERV 11 polyester filter, a
representative mid-efficiency filter widely used in commercial and institutional HVAC systems,
with a width of 30 cm, a height of 61 cm, and a thickness of 2.5 cm. The filter incorporates a
medium with a thickness of 0.66 mm and a pleat packing density of 0.4 pleats per centimeter. As
shown in Figs. 5a and b, 14 T-type thermocouples (OMEGA), each 0.08 mm in diameter and
accurate to £0.5 °C, are attached to the front and rear faces of the filter. In addition, two K-type
thermocouples (0.08 mm diameter, +1.0 °C accuracy) are attached to the heating element that
reaches the highest temperature to monitor and control its set-point. Experimental observations
indicate that the hottest heating element is the uppermost element in Config. 1 and the third element
from the bottom in Configs. 2 and 3. All thermocouples are connected to a data logger (National

Instruments) with 16 channels for temperature acquisition.

To determine the optimal heating performance, six set-point temperatures, including 100, 120, 140,
160, 170, and 180 °C, are tested for each configuration shown in Fig. 4.4. The filter-surface
temperatures are continuously monitored, and once the disinfection criteria (65 °C for 10 minutes)
are achieved, the total electrical energy consumption is recorded using a power meter (Poniie-
PN2000). All heat-transfer experiments are conducted at an air flow of 2100 m*/h, representing the

maximum operating capacity of the centrifugal fan driving the test loop.
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Fig. 4.3. The experimental setup of the temperature monitoring and energy consumption measurement of the proposed
disinfection technology.
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Fig. 4.4. Manufactured prototypes and schematic dimensions of the three configurations used in the heat-transfer
experiments, including Config. 1, the standard unit equipped with eight heating elements spaced uniformly; Config.
2, a modified unit incorporating a heating chamber beneath the frame and eight heating elements arranged at non-

uniform distances; and Config. 3, a modified unit incorporating a heating chamber beneath the frame and ten heating
elements positioned at varying distances.
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Fig. 4.5. Schematic representations of the thermocouple attachment points on the test filter, showing (a) the front face
and (b) the rear face.

4.4.2 Advanced Filtration Efficiency Testing Facility

4.4.2.1 Experimental Apparatus

Figure 4.6 presents a layout of the closed-loop wind tunnel used to quantify particle removal
performance and associated flow resistance of the proposed technology. The wind tunnel consists
of an 18-m-long stainless-steel square duct with a 61 cm x 61 cm cross section. The test apparatus
is designed in accordance with the ASHRAE 52.2 standard [22]. Detailed descriptions of the wind
tunnel design and instrumentation are provided in our previous studies [1,59]. In this section, only

the main components and testing principles are described.
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As shown in Fig. 4.6, a centrifugal fan manufactured by Rosenberg recirculates air through the

wind tunnel at the desired airflow rate. Aerosols are generated from a KCI solution using a TOPAS

polydisperse generator and injected into the system. A TOPAS optical particle counter, coupled to

a programmable switching valve, collects isokinetic samples upstream and downstream of the

disinfection units. In addition, the pressure drop across the disinfection units is measured using a

pressure transmitter (OMEGA) interfaced with an eight-channel data logger (National Instrument).
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Fig. 4.6. A schematic view of the ASHRAE 52.2 complaint closed-loop aerosol wind tunnel.

4.4.2.2 Testing Methodology

2.100 m

To measure the filtration efficiency, the experiment is conducted in three steps. First, three

background samples are collected sequentially at sampling points located before and after the

system. Each sampling lasts one minute, followed by a one-minute rinse period before the

75



subsequent measurement. In the second step, the aerosol generator is turned on, and sampling
begins once the aerosol concentration stabilizes. Four upstream samples and three downstream
samples are collected. One additional upstream sample is required because, according to ASHRAE
52.2, penetration is determined by comparing a downstream measurement with the average of the
upstream measurements taken immediately before and after it. In the third step, the aerosol
generator is turned off, and three additional background measurements are collected at both
sampling locations. Finally, to determine the correction factor (Rg,,), the disinfection system is

removed from the wind tunnel, and all three steps are repeated.

It should be noted that each filtration efficiency test is repeated three times to ensure accurate and

repeatable results.

The filtration efficiency of the proposed system can be calculated using the following formula:

P
n=(1--"x100 “.1)
Rave
in which, P,,,, denotes the particle penetration, determined as follows:
I (4.2)

p _ 1 Z Ci,o - Cb,ave
ave —
n = Ui,e - Ub,ave

where Cp gpe and Up gy are the average downstream and upstream background concentrations,
respectively. C;, represents the observed downstream concentration directly measured by the
particle counter. U;, denotes the estimated upstream particle concentration, calculated as the

average of the upstream samples collected before and after each downstream measurement.

In this study, the most optimal configuration in terms of heat transfer performance is first identified

(Section 4.4.1). An optimal configuration is defined as one that meets the disinfection criteria in
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the shortest time, with lower energy consumption, and with reduced temperature non-uniformity
across the filter surface. This configuration is then compared with the standard unit without heating
elements in terms of filtration efficiency and pressure drop (Figs. 4.7a and b). For both cases, two
operating modes are considered: the open-gates mode, in which both parallel units are open, and
the closed-gates mode, in which only one unit is open. These tests are conducted at three prescribed
duct air velocities: 0.5 m/s, 0.75 m/s, and 1.0 m/s. Notably, operating at duct velocities of 1.0 m/s
or lower ensures that the closed-gates mode remains fully compliant with the isokinetic sampling

requirements of ASHRAE 52.2.

(a) (b)

Fig. 4.7. Schematic representation of two side-by-side units used for flow characterization and filtration efficiency
testing: (a) standard units (regular filter housing without heating elements) and (b) disinfectable units (modified filter
housings incorporating a heating chamber and tubular heating elements).
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4.5 Results and Discussion

4.5.1 Thermal Performance of the System

Figures 4.8a-f depict the temporal temperature variation of the MERV 11 test filter at different
heating element set-point temperatures for Configuration 1 (no chamber and equal spacing
between the eight elements). As evident from the results, this configuration exhibits significant
temperature non-uniformity across the filter surface due to the formation of a strong buoyant plume
around the heating elements. Increasing the heating element set-point temperature from 100 °C to
180 °C further amplifies this non-uniformity. This can be attributed to an increase in the Rayleigh
number at higher temperatures, an indication of stronger natural convection flow that transfers a
larger portion of heat toward the upper region of the enclosure. As shown, when the set-point
temperature rises from 100 °C (Fig. 4.8a) to 180 °C (Fig. 4.8f), corresponding to an increase in the
Rayleigh number from 1.05 x 10° to 1.26 x 10°, the temperature difference across the filter surface
increases from approximately 25 °C to over 60 °C. Furthermore, increasing the heating element
set-point temperature beyond 180 °C, or maintaining 180 °C for more than 20 minutes, is not
recommended, as the filter temperature exceeds 100 °C, potentially compromising its structural

integrity and degrading its performance [178,179].

Figures 4.9a—f depict the temperature box plots of the test filter over time at different heating
element set-point temperatures for Configuration 2, encompassing a chamber and eight heating
elements positioned at varying distances. A comparison between Figs. 4.8 and 4.9 indicates that,
at a constant heating element temperature, employing Config. 2 significantly reduces temperature
non-uniformity across the filter surface compared to Config. 1. As an example, at a heater set-point
of 180 °C, the temperature difference across the filter surface after one hour was reduced from

about 60 °C in Config. 1 (Fig. 4.8f) to roughly 22 °C in Config. 2 (Fig. 4.9f). This improvement
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demonstrates that incorporating a chamber with a denser arrangement of heating elements near the
bottom of the unit frame mitigates the non-uniformity induced by natural convection. The chamber,
accommodating heating elements beneath the unit frame, effectively acts as a mixing plenum,
driving preheated air upward toward the lower section of the filter and ensuring a more uniform
lateral heat distribution compared to Config. 1. Furthermore, unlike Config. 1, the filter in Config.
2 consistently reaches the required 65 °C disinfection threshold across its entire surface at set-point

temperatures of 170-180 °C.

Figures 4.10a-f demonstrate the temperature evolution of the filter over time at heating element
set-point temperatures ranging from 100 °C to 180 °C for Configuration 3. A comparison between
Fig. 4.10 and the corresponding results in Figs. 4.8 and 4.9 shows that, while Config. 3 exhibits
substantially lower temperature non-uniformity than Config. 1, it shows inferior thermal
uniformity compared to Config. 2. Specifically, at a constant heating element set-point
temperature, adding two additional tubular elements in the main unit section of Config. 3 increases
temperature non-uniformity relative to Config. 2. For instance, at a set-point temperature of 170
°C, the temperature difference across the filter surface after one hour is approximately 22 °C in
Config. 2 (Fig. 4.9¢), whereas it rises to about 28 °C in Config. 3 (Fig. 4.10e). This is primarily
due to the fact that, while employing ten tubular elements in Config. 3 instead of eight in Config.
2 increases the total heat input, it also intensifies the buoyancy-driven circulation within the main
unit, resulting in a stronger upward thermal plume and reduced thermal uniformity. As shown in
Figs. 4.9 and 4.10, even though the average filter temperature in Config. 3 is slightly higher than
that in Config. 2, the greater temperature non-uniformity leads to a delayed achievement of the

disinfection condition.
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Fig. 4.8. Temporal evolution of filter temperature for Configuration 1 (unit with no chamber, and equal spacing
between the eight elements) at different heating element set-point temperatures: (a) 100 °C, (b) 120 °C, (c) 140 °C,
(d) 160 °C, (e) 170 °C, and (f) 180 °C. A simplified schematic of Config. 1 is embedded within the subfigures for
reference, while detailed geometry is provided in Fig. 4.4. The 65 °C inactivation criterion is shown as a horizontal
reference line.
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Fig. 4.9. Temporal evolution of filter temperature for Configuration 2 (unit with chamber and eight heating elements
positioned at varying distances) at different heating element set-point temperatures: (a) 100 °C, (b) 120 °C, (c) 140
°C, (d) 160 °C, (e) 170 °C, and (f) 180 °C. A simplified schematic of Config. 2 is embedded within the subfigures for
reference. The 65 °C inactivation criterion is shown as a horizontal reference line.
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Fig. 4.10. Temporal evolution of filter temperature for Configuration 3 (unit with chamber and ten heating elements
positioned at varying distances) at different heating element set-point temperatures: (a) 100 °C, (b) 120 °C, (c) 140
°C, (d) 160 °C, (e) 170 °C, and (f) 180 °C. A simplified schematic of Config. 3 is embedded within the subfigures for
reference. The 65 °C inactivation criterion is shown as a horizontal reference line.
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4.5.2 Energy Demand Evaluation

Figure 4.11 compares the required energy consumption and operating duration among the tested
configurations that achieved the literature-based disinfection criterion, reaching 65 °C and
maintaining it for 10 minutes. As shown in Fig. 4.11, adopting Config. 2 with a heating element
set-point temperature of 180 °C provides the filter disinfection condition in 35 minutes (25 minutes
to reach 65 °C plus 10 additional minutes to ensure complete inactivation of captured bioaerosols)
with an energy consumption of only 0.10 kWh per disinfection cycle. This energy requirement is
substantially lower than that of Config. 3, which requires approximately 50 minutes and consumes
0.14 kWh to meet the same disinfection condition. Therefore, among all tested cases, Config. 2
offers the most optimal performance, as it meets the disinfection criteria faster, consumes less

energy, and maintains better temperature uniformity across the filter surface.

The proposed system in this study operates solely based on natural convection, with no mechanical
assistance or fan used for heat transfer. Comparing the present system with the heat-driven filter
disinfection technology introduced in Ref. [1] shows that the required energy for disinfecting the
same test filter is comparable or even lower (0.10 kWh in the present study versus 0.11 kWh in
Ref. [1]). Although the forced-convection-based system in Ref. [1] achieved disinfection in 13
minutes, which is shorter than the 35 minutes required by the present free-convection system, this
difference has a negligible effect on the overall energy demand of the HVAC system’s central fan.
Moreover, eliminating the recirculating fan in the proposed system enhances reliability, as it
removes the need for axial fans that would otherwise have to operate at elevated air temperatures

(up to 105 °C) and therefore require frequent maintenance.
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Fig. 4.11. Comparison of electrical energy consumption and the required time to reach the disinfection conditions for
configurations that successfully achieved the disinfection conditions.

4.5.3 Filtration Efficiency of the Disinfection System

Figures 4.12a-c illustrate the size-resolved particle removal efficiencies of the standard (Fig. 4.7a)
and disinfectable units (Fig. 4.7b) under different operating modes and duct velocities. The
standard units consist of two side-by-side filter housings that can be opened or closed and contain
no chamber or heating elements. The disinfectable units correspond to Config. 2, in which a

chamber and eight heating elements with varying spacing were added downstream of the filter.

According to Figs. 4.12a-c, at all tested duct velocities (0.5, 0.75 and 1 m/s), the filtration
efficiencies of the standard and disinfectable units are nearly identical in the open-gates mode,
where both units are open. This indicates that incorporating a chamber and heating elements

downstream of the filters has only a minor influence on particle capture performance. Similarly,
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in the closed-gates mode, where one of the two parallel units is sealed, the size-resolved

efficiencies of the standard and disinfectable units remain comparable.

A more pronounced difference emerges when comparing the open- and closed-gates modes for
each unit type. Closing one unit forces the entire flow to pass through the adjacent unit, effectively
doubling filtration face velocity. This increase in face velocity reduces the removal of submicron
particles, as diffusion-driven capture (Brownian motion) becomes less effective at higher
velocities. Conversely, the capture of particles larger than 1 um increases due to enhanced inertial
impaction at elevated velocities. These trends are consistently observed across all three duct

velocities.
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(b) Air Velocity in the Duct-0.75 m/s
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Fig. 4.12. Size-resolved filtration efficiency of the standard units (two side-by-side filter housings containing MERV
11 test filters) and the disinfectable units (the same filter housings modified by adding a chamber and eight heating
elements downstream of the MERV 11 test filters) under two operating modes: open-gates mode (both units open) and
closed-gates mode (one unit closed). Results are shown for air velocities of (a) 0.5 m/s, (b) 0.75 m/s, and (¢) 1 m/s.
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4.5.4 Pressure Drop of the System

Figure 4.13 depicts the pressure drop of the disinfectable and standard units at different airflow
rates under both open- and closed-gates operating modes. In the open-gates mode, where both
parallel units are open, the pressure drop increases linearly with the airflow rate for both
configurations. This trend is consistent with Darcy's law [98], which indicates that the pressure
loss across the filter varies linearly with volumetric flow rate at low velocities. A comparison
between the two configurations shows only a minor increase of approximately 5 Pa in the
disinfectable units, indicating that adding the downstream chamber and heating elements

introduces only a small additional resistance when both units are open.

When one of the units is closed, the pressure drop for both configurations rises substantially
compared with the open-gates mode, nearly tripling at a flow rate of 2000 m*/h, and the pressure—
flow relationship becomes nonlinear. Closing one unit forces the entire airflow through the
adjacent unit, doubling the filter face velocity. At these higher velocities, inertial effects become
comparable to viscous drag, so both linear (Darcy) and quadratic (inertial) terms contribute to the
pressure drop. The difference in pressure drops between the disinfectable and standard units is also
more pronounced in the closed-gates mode (about 15 Pa), mainly due to additional drag from the

heating elements and contraction—expansion losses in the chamber.

Although temporary gate closure increases pressure drop during the disinfection process, the
impact on total HVAC fan energy use is very small. Each disinfection cycle lasts only about 35
minutes, which is negligible compared to the HVAC system's full operational period. The only
practical requirement is to ensure the HVAC fans can supply the necessary airflow during this

short-term increase in system pressure drop.
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Fig. 4.13. A comparison between the pressure drop of the standard and disinfectable units at different airflow rates
under two operating modes: open-gates mode (two units open) and closed-gates mode (single unit closed).

4.6 Conclusions

This study examined the feasibility of disinfecting HVAC filters using a buoyancy-driven, fan-
independent thermal process. In the proposed system, heat generated by tubular heating elements
was transferred to the filter media through natural convection within an insulated housing. The
effect of heating element arrangement and the inclusion of a heating chamber beneath the
disinfection unit on temperature uniformity, disinfection duration, and energy demand was
systematically examined. Experiments were conducted at six heater set-point temperatures ranging
from 100 to 180 °C, using a disinfection criterion of maintaining the filter at 65 °C for 10 min.
Moreover, the particle removal effectiveness and flow resistance of the system were evaluated

using an ASHRAE 52.2—compliant filtration test facility under both normal operation (open-gates
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mode) and disinfection operation (closed-gates mode), at different duct velocities. The principal

findings of this work are summarized as follows.

(1) With eight heating elements equally spaced and without employing the heating chamber
beneath the filter housings (Config. 1), the disinfection criteria cannot be achieved over the entire

filter surface within a reasonable time frame without causing filter degradation.

(2) Introducing a heating chamber and repositioning the eight heating elements with a higher
density near the lower section of the unit (Config. 2) substantially improved temperature
uniformity across the filter. At a heater set-point of 180 °C, this configuration achieved the
prescribed disinfection condition within 35 min, with an energy consumption of approximately 0.1

kWh per cycle.

(3) At a constant heater set-point temperature, adding additional heaters in the main unit section
(Config. 3), intensified the natural convection circulation within the main unit, resulting in a
stronger upward thermal plume and reduced thermal uniformity across the filter, and consequently

delayed the disinfection period compared to Config. 2.

(4) At all duct velocities, incorporating the chamber and heating elements downstream of the test
filter has a negligible impact on size-resolved particle removal. During disinfection, however,
closure of one unit increased the face velocity through the remaining open filter, decreasing

submicron particle removal while increasing the capture of larger particles.

(5) Adding the chamber and heating element introduced only a small additional resistance during
the normal operation. During the disinfection process, although temporary gate closure almost
tripled the pressure drop, the impact on total HVAC fan energy use is limited. Each disinfection

cycle lasts only about 35 minutes, which is negligible compared to the HVAC system's full

&9



operational period. The only practical requirement is to ensure the HVAC fans can supply the

necessary airflow during this short-term increase in system pressure drop.
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5.1 Preface

Heating, ventilation, and air conditioning (HVAC) filters are traditionally deployed to control
airborne pathogens. However, filters may accumulate microbes over time and become breeding
grounds for pathogens. Any disturbance may release some of these microorganisms into the
environment. This study proposes a novel, energy-efficient air disinfection approach employing
recirculating warm air sequentially within two side-by-side enclosures to inactivate
microorganisms captured in HVAC filters. An experimental setup assesses the impacts of warm
inlet temperature and air recirculation rate within the disinfection units on the heat transfer
performance of the system. Furthermore, a closed-loop aerosol wind tunnel accommodating the
technology prototype has been constructed per ASHRAE 52.2 to evaluate the filtration efficiency
and pressure drop at various duct airflow rates. The test filter has a Minimum Efficiency Reporting
Value (MERV) of 11. The test filter reached 65 °C in about 3 minutes under optimal conditions
and was maintained at or above this temperature for 10 minutes to meet literature-based thermal
inactivation criteria. The total energy consumption per disinfection cycle was 0.11 kWh. During
normal operation, the system maintained filtration efficiency equivalent to that of a standalone
filter, with a negligible increase in pressure drop. In disinfection mode, the submicron particle
removal efficiency decreased, while large-particle removal increased, and the pressure drop rose
significantly (140 Pa at 2000 m3/h), but only during a short period (13 minutes), resulting in a
minimal impact on the overall HVAC fan energy use. This study provides practical insights for
HVAC system designers and facility managers on integrating energy-efficient disinfection

technology into buildings to improve indoor air quality.
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5.2 Introduction

Airborne pathogens are responsible for the spread of the most recent pandemics, such as HIN1 flu
(also known as swine flu) and the new coronavirus (SARS-CoV-2), as well as its highly
transmissible variants (Delta and Omicron) [4—6]. The virulence of infectious and lethal diseases
is increasing due to globalization, increased travel and trade, urbanization, population growth in
cities, changes in human behavior, the resurgence of pathogens, and the improper use of antibiotics
[7]. The health and economic repercussions of pandemics are devastating [8]. For instance,
according to the World Health Organization (WHO) record [9], more than 770 million COVID-19
cases were reported globally by the end of 2024, resulting in the death of approximately seven

million individuals.

Improper design and operation of the heating, ventilation, and air conditioning (HVAC) systems,
such as low ventilation rates, inadequate air circulation, and the transmission of pathogenic
microorganisms via HVAC ductwork, can facilitate the spread of pathogens [16,23,30]. Inadequate
ventilation rate increases the probability of infection as infectious aerosols can accumulate indoors
[16,29]. Recirculated air may reintroduce microorganisms not fully captured by filters [180], and
microbial growth can also occur within ducts and filters [30,72], further increasing the risk of
transmission. Since human beings spend most of their time in indoor environments, providing
desirable thermal comfort conditions [161-163] and indoor air quality (IAQ) factors in enclosed
spaces through HVAC systems is of vital importance. Properly designed and operated HVAC
systems can substantially improve IAQ [181], thereby reducing the susceptibility of occupants to
airborne diseases [30]. For instance, improved mechanical ventilation in classrooms has been
associated with up to an 80% reduction in COVID-19 transmission [182], hospital studies show

that higher outdoor air exchange rates limit influenza, tuberculosis, and rhinovirus risks to below
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1% [183], and an intervention in day care centres demonstrated that increasing effective clean

airflow reduced infection risk by more than 50% and illness-related absenteeism by 32% [184].

The installation of air filters in HVAC ductwork is a classical approach for controlling the virulence
of airborne pathogens [15]. Depending on the filter efficiency, filters can effectively entrap
microorganisms. For instance, high-efficiency particulate absorbing (HEPA) filters can remove
99.97% of 0.3 microns' diameter particles, which have the most penetration among different

submicron particles [16].

Notwithstanding the advantages of air filtration, filters may accumulate microbes over time and
even become a breeding ground for fungi and bacteria, rendering the filter a biologically hazardous
object of significant concern [12,17]. Field and laboratory studies have demonstrated the
colonization of HVAC filters by different fungi, such as Aspergillus and Penicillium, as well as
various bacteria, including Escherichia coli and Pseudomonas spp., with viable microorganisms
detected in both MERV-rated and HEPA filters across hospitals, offices, and schools [167-171].
Recently, viral particles, including SARS-CoV-2 RNA, have also been recovered from HVAC
filters [172]. According to the literature, depending on the filter types and airflow conditions,
contaminated filters can release up to 1% of these microorganisms under normal operation [26] to

substantially higher levels (up to 25%) under transient conditions such as fan restarts [27,28].

Therefore, supplementary disinfection technologies should be adopted to inactivate microbes,
prevent the creation of a medium for pathogen multiplication, and mitigate the risk of episodic

germ release into the building [25].
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5.2.1 Existing Disinfection Technologies in the Literature

Several sterilization approaches have been introduced in the literature for the removal or
inactivation of infectious microorganisms. These purification technologies can be categorized into
physicochemical and biochemical technologies based on the inactivation mechanisms used in the
sterilization process. The physicochemical technologies include conventional filters
[17,29,30,185], electrostatic filters [12,29,32,33], antimicrobial filters [34-37], ultraviolet
germicidal irradiation (UVGI) [34,38-41,186], photocatalysis oxidation [30,42—44], plasma
[29,45—47], thermal treatment [49,50], ozonation [51-53,187] and microwave [30,54,55].
However, implementing botanical disinfectants [S6—58] and herb fumigation [29,188] belongs to

the biochemical category.

Table 1 provides a targeted synthesis of representative peer-reviewed studies on air disinfection
technologies relevant to HVAC applications. Through targeted searches in Scopus, Web of
Science, ScienceDirect, and PubMed using combinations of general and technology-specific
keywords (e.g., air disinfection, air purification technologies, HVAC filters, electrostatic filters,
"antimicrobial filters, UV disinfection HVAC, photocatalytic oxidation, plasma air disinfection,
thermal disinfection air, and ozonation), we identified approximately 200 relevant publications on
disinfection technologies. From these, more than 30 representative studies were selected to
highlight the reported advantages and limitations of different approaches. Readers seeking broader
coverage of the literature are referred to recent systematic and critical reviews [18,29,30,72,180].
Notably, biochemical disinfections are excluded from Table 5.1 as they are less common in HVAC
applications. As is evident in Table 5.1, notwithstanding the merits of the available technologies,
their implementation is associated with high investment costs, high energy consumption, harmful

by-products, complicated installation and maintenance, and degradation in long-term efficiency.
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Table 5.1. Characteristics of different disinfection technologies proposed in the literature.

Technology Description Removal Advantages Disadvantages
/Inactivation
Use the adsorption capability of Low-cost, convenient Higher efficiency filters may increase
Conventional Filters  fibrous materials to capture Removal installation, pressure drop, but the relationship is

[29,30]

Electrostatic Filters
[32,33]

Antimicrobial Filters
[34,35]

Ultraviolet
Germicidal
Irradiation (UVGI)
[38,39,186]

Photocatalysis
Oxidation
[42,43]

Plasma
[45,46]

microorganisms via impaction,
diffusion and interception.

Collection of microorganisms by
the electrostatic force caused by
by the opposite charged
Coulomb force, image force and
polarization force.

Use antimicrobial agents or
coatings on the filter to
inactivate entrapped bioaerosols.

Produce short-wavelength
electromagnetic waves, with the
peak irradiance traditionally
occurring at approximately 254
nm. These high-energy waves
effectively target the DNA,
controlling the replication of
pathogens. Recent developments
in far-UVC show potential for
safe operation in occupied
spaces with a lower wavelength
(200-230 nm).

Use light in combination with
oxidation to produce reactive
oxygen species that can
inactivate microorganisms and
degrade organic pollutants .
Primarily, TiO2 is used as the
catalyst to accelerate the
photoreaction.

Harness an external electric field
to generate electrons, which,
upon contact with bioaerosols,
leads to the direct interaction of
reactive chemical species,
causing damage to airborne
microorganisms.

Mainly removal,
partial inactivation

Removal and
inactivation

Inactivation

Inactivation

Inactivation

commercially available.

High efficiency across a
wide range of particle
sizes, lower pressure
drop compared to
conventional fibrous
filters, commercially
available.

Reducing the risk of
downstream release
helps limit microbial
growth during service
life

High microbial
inactivation efficiency
across a broad range of
pathogens, conventional
254 nm systems are
commercially available,
low airflow resistance,
does not require
chemicals.

Potential to inactivate a
range of
microorganisms and
degrade volatile organic
compounds can operate
continuously when
coupled with UV.

Efficient for a wide
range of pollutants,
reducing the growth of
adhering fungi,
elimination of clinging
odours.

not universal and depends on filter
structure, thickness, and MERYV class
[185], microbial growth and secondary
contamination have been reported on
loaded filters [12,17].

High initial cost relative to
conventional filters, efficiency can
decline over time due to dust
accumulation and aging, electric field
is easy to break down [12,29].

Inactivate specific microbes, not all of
them, higher initial costs compared to
conventional filters, degradation in
removal efficiency, and may increase
pressure drop compared to untreated
filters [36,37].

UV light can be blocked by objects,
adverse health effects of conventional
UVGI on the skin (erythema) and eyes
(photokeratitis), UV radiation exposure
is carcinogenic, in-duct UVGI
efficiency highly depends on operating
conditions (e.g., duct airflow rate, air
temperature, and relative humidity),
far-UVC systems are not yet widely
commercialized and typically have
shorter lamp lifetimes compared to
traditional mercury lamps, increases
added heat to the HVAC system
[34,38,40,41,186].

Easily produces secondary pollutants
(aldehydes and ketones), with a
reduction in effectiveness over time
due to dirt buildup, and a low catalyst
lifetime [30,42,44].

May generate harmful by-products,
including ozone, carbon monoxide,
particulate matter, and formaldehyde,
and requires a professional technician
for operation; not cost-effective for
large spaces [29,47].
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Table 5.1. Characteristics of different disinfection technologies proposed in the literature (continued).

Technology Description Removal Advantages Disadvantages
/Inactivation
Thermal Treatment  Use high temperature (either dry Inactivation High inactivation Requires high operating temperature,
[49] heat or moist heat) to destroy efficiency with deep high energy consumption, not cost-
bioaerosols by denaturing the penetration, does not effective for large spaces, increases
enzymes and proteins. impose excessive added heat to the HVAC system,
pressure loss, avoids causes thermal deformation in some
chemical additives. materials, more applicable in food

industry and sterilizing medical
equipment [50].

Use the corona discharge to

Ozonation produce ozone that inactivates Inactivation Inactivates a broad Generates ozone and secondary
[51,52] microorganisms by damaging their range of contaminants, causes respiratory
cell membrane and proteins. microorganisms, rapid problems, should not be used in
reaction mechanism. occupied spaces, unstable and must be
applied with monitored concentration
just before use [51,53,187].
Operates via electromagnetic
Microwave waves at frequencies of 300 to Inactivation Rapid sterilization, does =~ Microwave energy is weakly absorbed
[30,54] 3000 MHz. The generated non- not produce by- by air and requires microwave-
ionizing electromagnetic radiation products. absorbing materials. Exposure to
denatures cells through induced radiation poses risks to the well-being
heat. of individuals, but is more efficient in

the food industry [55].

As far as HVAC filters decontamination is concerned, several disinfection technologies have been
used in the literature, though each faces practical limitations. The integration of electrostatic
precipitators (ESPs) with air filters has shown enhanced removal of charged particles and partial
inactivation of bioaerosols; however, it is hindered by ozone generation, secondary by-products,
and high operational costs [62—68]. UV-integrated filters, applied to both HEPA and non-HEPA
media, suffer from poor penetration into dense structures, humidity sensitivity, reduced
performance at high duct velocities, and high energy demand [18,61,62,69,70,189]. Photocatalytic
coatings (e.g., TiO2, ZnO) applied to filter fibers are capable of inactivating entrapped
microorganisms. However, their application is limited by reduced efficiency at high airflow,

reliance on UV irradiation, and the risk of ozone generation [71-74]. Plasma-assisted filtration has
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shown effectiveness in portable devices, but ozone and ion by-products, together with elevated

energy consumption, limit its viability for central HVAC systems [18,75,77].

Thermal treatment of HVAC filters has also been explored and, given its direct relevance to the

present work, is reviewed separately in Section 5.2.2.

5.2.2 Thermal Inactivation

Among various disinfection methods, thermal inactivation is of interest to this study. Thermal
inactivation is a powerful tool against most infectious agents. Heat has excellent penetration
capabilities that can annihilate highly infectious agents by denaturing their enzymes and proteins
[19-21]. The two main parameters for a successful sterilization process by heat are temperature
and exposure time. Table 5.2 presents the required temperature and exposure time for inactivating
various common airborne microorganisms, including bacteria, fungi, and viruses. As is evident,
most pathogenic agents can be inactivated with sustained heat at approximately 65 °C for around
10 minutes. This suggests that heat holds significant potential for disinfecting microorganisms

accumulated on HVAC filters.
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Table 5.2. The required temperature and exposure time for thermal inactivation of various airborne pathogens.

Species Microorganism Inactivation Exposure Time Reference
Temperature (°C) (min)
Bacteria Escherichia coli 60 0.7-2.7 [79]
Mycobacterium tuberculosis 80 20 [190]
Legionella pneumophila 60 2 [80]
Pseudomonas aeruginosa 65 5 [81]
Fungi Aspergillus 60 10 [191]
Penicillium 60 10 [191]
Mucor 60 10 [191]
Viruses Rhinovirus 60 10 [82]
(Common cold)
MERS-CoV 65 0.5 [192]
Human influenza 55.6 30 [78]
MS2 70 <30 [193]
Avian influenza 65 10 [83]
70 1
SARS-CoV 70 3 [78]
SARS-CoV-2 56 30 [84]
(COVID-19) 65 10 [84]
70 5 [34]

Although thermal inactivation of viruses by heat is an established and widely applied method in
"non-aerosol" applications, to the best of the authors' knowledge, its utilization for inactivating
pathogenic aerosols in HVAC systems remains limited. Soni et al. [194] conducted a numerical
investigation of a solar-assisted system for the thermal inactivation of bioaerosols. The proposed
system comprises a heating section (consisting of a solar collector and an auxiliary electrical

heater), a porous unit, a disinfection chamber, and a cooling unit. The obtained results indicated
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that, even with an optimal porosity of 0.9, the pressure drop across the porous region is
approximately 5 kPa. Furthermore, they deduced that the system's efficiency during the daytime

is merely 37%, while it can reach 91% at nighttime operation.

Xie et al. [173] introduced an innovative passive solar heating solution for disinfecting bioaerosols.
They assessed the feasibility of using a Trombe wall to inactivate COVID-19 viruses in a test room
with dimensions of 6 m x 3 m x 3 m in Xining, Qinghai Province, China. The results showed that
at an average ambient temperature of 18.8 °C and average solar irradiance of 638.9 W/m?, the
proposed system could provide 37 m*/h of clean air for three hours with a single-pass inactivation
rate of 89.3% for SARS-CoV and MERS-CoV, and 24 m’/h of clean air for 78 minutes with an
inactivation rate of 59.1% for SARS-CoV-2. In a recent study, Xie et al. [86] introduced an
innovative thermal inactivation system combining air filtration with a hybrid photovoltaic (PV)
panel and Trombe wall system for the decontamination of Klebsiella pneumonia. Their numerical
analysis indicated that, with an average ambient temperature of 9.7 °C and solar irradiance of 620.6
W/m?, the air temperature at the Trombe wall outlet could reach 75 °C, effectively reducing the

concentration of pathogens trapped in the filter over several hours during the daytime.

Yu et al. [87] developed a novel self-healing filter composed of pleated nickel foams for
inactivating the COVID-19 virus and Bacillus anthracis (anthrax spores). Experimental results
demonstrated that increasing the filter temperature to 200 °C resulted in the inactivation of 99.98%
of the coronavirus and 99.99% of the anthrax spores. Achieving the required temperature for a
self-heating filter with dimensions of 24cm X 30cm x 1.6 cm at an airflow rate of 10 /min
(0.6 m*/h) required a power input of 500 W. However, no information was provided regarding the

associated pressure drop.
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Thermal inactivation solutions proposed in the literature face several challenges that hinder their
application in large HVAC systems and real-world settings. Issues include low thermal efficiency,
limited reliability of solar-driven technologies for daytime use, brief exposure times in Trombe
walls, high energy consumption, pressure drops associated with metallic foams, undesirable added
heat during HVAC cooling modes, and high maintenance costs. To address the deficiency of the
existing technologies, the present study proposes a novel solution based on the thermal inactivation
of HVAC filters in insulated units. The disinfection process utilizes a combination of air filters to
trap microorganisms and thermal inactivation by heating elements to destroy the captured
pathogens. Since heat transfer occurs within an insulated enclosure, energy consumption and
unwanted added heat to the HVAC ductwork are minimized. Details on the device's working
principle are provided in Section 5.3. In summary, the key innovations and contributions of this

study are:

1. Proposing a novel, energy-efficient approach for air disinfection combining filtration with

thermal inactivation.

2. Assessing the system's heat transfer and energy performance.

3. Evaluating pressure drop and size-resolved particle removal efficiency of the system in a

closed-loop aerosol wind tunnel meeting ASHRAE 52.2 standards [22].

4. Determining optimal operating conditions, including warm air set-point temperature and

air recirculation rate within the disinfection units.
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5.3 Description of the Problem

The working principle and the elements of the introduced technology in the present study are
depicted in Fig 5.1. The disinfection device includes two side-by-side units (Fig. 5.1a). Each
sterilizing unit consists of a filter, a heating element (i.e., heating wires), and axial fans, all

enclosed within a closed system (Figs. 5.1b and 1c¢).

As is evident in Fig. 5.1b, axial fans and the heating element are positioned beneath the frame,
hence referred to as "external fans" hereafter. Both units are initially open, and the heating elements
and axial fans are turned off for filtration. After some time, one of the units is isolated by closing
its gates, and then the heating elements and external fans are turned on. The external fans blow air
toward the heating element, and the warm air enters the unit containing the filter through the
provided inlet, transfers heat to the filter and recirculates through the recirculation outlet and the
adjacent duct. The target is to raise the filter temperature to 65 °C and maintain it for 10 minutes
to inactivate microorganisms. At the same time, the other unit is open and continues its work for
entrapping microbes. By repeating this process sequentially (Fig. 5.2), the two units can capture
and eliminate pathogens in HVAC systems. It should be noted that as the heat transfer process
from the heating elements to the pleated filters occurs within an insulated enclosure, it avoids
releasing excessive heat into the HVAC system. Hence, the introduced technology is projected to
be cost-effective, safe and environmentally friendly for purifying air contaminated with bio-

aerosol particles.
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(d)
Fig. 5.1. A schematic view of (a) the working principle, (b) prototype, (c) flow direction, and (d) dimensions and the
elements of the disinfection technology proposed in the present study, including 1: filter, 2: sliders, and 3: gates.
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Fig. 5.2. Sequential entrapment-disinfection by filtration and heat application.
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5.4 Methodology
The experimental study in this work includes investigating the energy performance of the proposed
disinfection system and evaluating the filtration efficiency and pressure drop of the unit in a closed-

circuit aerosol wind tunnel that can accommodate the device prototype.

5.4.1 Experimental Setup of the Energy and Heat Transfer Performance

Evaluation
The experimental setup for evaluating the heat transfer performance of the system comprises an
enclosed cavity, a pleated filter, a heating element, a data monitoring and acquisition system, a
temperature-controlling unit, and a closed-loop wind tunnel (Fig. 5.3a) that accommodates the
device prototype (Fig. 5.3b) for simulating real-world applications. Considering the availability,
cost, and desirable thermal properties (i.e., low thermal conductivity, low thermal expansion, and
higher melting points), solid and twin-wall polycarbonate sheets are used for manufacturing the
prototype, as they are readily available in various thicknesses and sizes on the market. Several
rotating gates are considered for the opening and closing mechanism (Fig. 5.2b). Four axial fans
(airflow rate of 74 m>/h and energy consumption of 1.7 W each) and the heating element (nichrome
heating wires supplying 800 W) are installed under the frame. A PID controller (OMEGA-
CN32PT-145) is deployed to provide a constant temperature heat source. Sixteen T-type
thermocouples (OMEGA) with a diameter of 0.08 mm and an accuracy of 0.5 °C are employed
to monitor the filter surface. The test filter used in this study is a MERV 11 filter with a thickness
of 1 inch (2.54 cm) and dimensions of 12 inches % 24 inches (30.48 cm % 61.0 cm). The filter is
made of polyester fibers, with a media thickness of 0.66 mm and a pleat density of 0.4 pleats/cm.
Nine thermocouples are fixed at the filter face, five thermocouples are connected to the filter back

(Fig. 5.3c), and two thermocouples are installed before the external fans and after the heating
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element in the recirculation duct. A sixteen-channel data logger (NI-9213) is utilized to collect
temperature data. Additionally, to monitor the energy consumption of the proposed sterilizing
system during the disinfection period, a power meter (Poniie-PN2000) is used. All frame surfaces
and eight gates are covered with aluminum foil (i.e., emissivity less than 0.1) to reduce radiation

dissipation to the surroundings.

To determine the optimal operating conditions, the energy performance of the disinfection system
will be tested at four different recirculation flow rates for external fans (88, 148, 223, and 296
m?>/h) and three different inlet air set-point temperatures (85, 95, and 105°C). In all cases, the wind
tunnel airflow rates will be kept constant at 2100 m*/h (i.e., the maximum airflow rate in our wind
tunnel). Following this, the most optimal operating condition identified in these tests will be further
evaluated under varying wind tunnel flow rates (0 and 2100 m>/h) to assess the impact on the

system's heat and energy performance.
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Fig. 5.3. A representation of (a) the experimental setup of the heat transfer performance monitoring, (b) the
manufactured prototype, (c) side-by-side units and (d) the location of thermocouples on the filter (Hint: First Letter -
Vertical Position (T: Top, M: Middle, B: Bottom); Second Letter - Horizontal Position (L: Left, M: Middle, R: Right);
Third Letter - Depth (F: Front, B: Back)).
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5.4.2 Measurement of the Particle Removal Efficiency and Pressure Drop

This study will follow ASHRAE 52.2 [22] and ASHRAE Guideline 26 [195] for designing the
aerosol wind tunnel that can determine the particle removal efficiency and pressure drop of the
suggested disinfection system. These standards outline the critical dimensions and arrangements
of the test apparatus, as well as the required features of various equipment (e.g., aerosol generator

and particle counter), to ensure a reliable result in air filter testing (Appendix B).

It is essential to highlight that ASHRAE 52.2 primarily focuses on the guidelines for designing an
open-loop wind tunnel. However, the present study centers on the utilization of a closed-loop
aerosol wind tunnel. The emphasis on a closed-loop system arises from its distinct advantages,
including the ability to maintain consistent air velocity and particle concentration profiles with
greater ease. Moreover, closed-loop wind tunnels offer enhanced safety features, reduced noise
levels, and lower energy consumption, positioning them as a more efficient and sustainable
alternative [196]. Consequently, to take advantage of the recirculating wind tunnels, some studies
have modified the open-loop wind tunnel proposed in ASHRAE 52.2 [197-199]. By following the
same procedure in this study, the closed-circuit aerosol wind tunnel, as specified in ASHRAE 52.2,
can be obtained as shown in Fig. 5.4. This is a fully recirculating air testing facility designed to
serve as a platform for refining the prototype design and evaluating the filtration efficiency of
various air cleaning devices. We manufactured and assembled different sections of the
recirculating ductwork (Appendix C) and installed the required test equipment within the closed-

loop wind tunnel (Fig. 5.5).
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Fig. 5.5. Advanced filtration testing assembly and setup.
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The filtration performance is evaluated through controlled air circulation within the 18-m stainless
steel ductwork, which has a cross-section of 61 cm X 61 cm, facilitated by a centrifugal fan
(Rosenberg GKHM 280-CIB). To maintain consistency, the air velocity at the test section will be
kept constant throughout the entire testing duration. Simultaneously, the aerosol generation system
releases KCl aerosols into the system at a constant rate. The aerosol generation system includes a
polydisperse aerosol generator (TOPAS ATM240/S) supplied by a 5-bar oil-free compressed air
source. The aerosols are generated from a highly concentrated aqueous KCl solution (25g of KC1
per 100 ml of ionized water). According to the ASHRAE 52.2 design guideline, two mixing baftles
with a 40% open area on their perforated diffusion plates are installed before the upstream and

downstream sampling locations.

The measurement of particle removal efficiencies is performed using a single Optical Particle
Counter (OPC) (TOPAS-LAP340/L) connected to a sample switching valve (TOPAS-SYS520/S)
that can automatically switch between upstream and downstream sampling. To ensure isokinetic
sampling is provided, two isokinetic sampling probes manufactured by TSI are connected to
external vacuum pumps (TSI model 3032) at both upstream and downstream sampling points. An
isokinetic coupler manufactured by TSI is then utilized as an interface, providing a second
isokinetic sample between the sampling probe and the inlet to the sample switching valve
connected to the OPC. A differential low-pressure transmitter (OMEGA-PX655-05DI) connected
to a data logger (NI-USB-6002) will measure the pressure loss across the prototype under both
closed and open gate conditions. At the same time, a thermo-anemometer (TSI-9535) will be used
to measure the airflow rate at the sampling locations. It should be noted that throughout all
experiments, the wind tunnel air temperature and relative humidity remained stable within 22 + 3

°C and 50% + 2% RH, respectively.

110



The particle size removal efficiency (1) of an air cleaning device can be defined as follows [200]:

(5.1)

Pave

x100=(1—
Jxa00=a-3

Downstream particle concentration
= ( - ) X 100

Upstream particle concentration ave

in which P,,,., the average penetration, represents the portion of aerosols that penetrates the filter
and can be obtained using Eq. (5.2) [22]. Rgye, the average correlation ratio, is a correction factor

and can be determined with Eq. (5.2) when the test device is not installed [201].

n n
_ _ Ci.o B Cb,ave (5.2)
Prve = p; n = —U U /n
" ¢ ie b,ave
i=1 =1

where C;, and U;, are the observed downstream concentration and the estimated upstream
concentration, respectively, Cp g4y and Upgpe represents the average concentration of the
background samples collected before and after the aerosol generation at the downstream and
upstream data collection points, respectively. While C; , is simply observed in OPC, Egs. (5.3) to

(5.5) should be used for calculating U; ¢, Cp e and Up 4, as follows:

Uio + Ui+1),0 (5.3)
Ge=—"—
n (5.4)
Ub,ave = Z Ui,o,b /TL
i=1

(5.5)

n
Cb,ave = <z Ci,o,b)/n
i=1

It should be noted that the required number of background samples can be ascertained based on
the data quality relations (i.e., explained in Section 10.6.2 of ASHRAE Standard 52.2 [22]). In this

study, three background samples at each of the sampling locations were collected. Furthermore,
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the data quality determines the sampling period and the total number of data collected. In this
regard, four and three samples were recorded at upstream and downstream sampling points,
respectively. In the present work, a one-minute purging in the sample switching valve, followed
by a 30-second rinsing within the OPC, and eventually a one-minute data collection during each

sampling, could meet ASHRAE 52.2 requirements.

For designing the experiment, the filtration efficiency and pressure drop of a standalone 24 in x
24 in x 1 in (61 cm x 61 cm % 2.54 cm) MERV 11 filter are compared with those of the proposed
disinfection technology at different operating conditions, including when both units are open, and
when one of the units is closed. Each of the side-by-side units contains a MERV-11 filter identical
to the abovementioned standalone filter in properties but different in dimensions (12 in x 24 in X
1 in). These three cases will be tested at duct velocities of 0.5, 0.75, and 1 m/s. It should be noted
that when one of the units is closed, the maximum air velocity in the duct, at which the ASHRAE

52.2 requirements for isokinetic sampling can be satisfied, is 1 m/s.

5.4.3 Uncertainty Analysis

Table 5.3 presents the uncertainties associated with various measured parameters in this study,
including temperature, energy consumption, air velocity, pressure drop, and filtration efficiency.
Following the procedure described in Ref [202], the combined standard uncertainty, including
specifications of measurement instruments provided by the manufacturer, and uncertainty

estimates from repeated readings (repeatability) are calculated.
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Table 5.3. Combined standard uncertainty values of the quantified parameters.

Quantity Combined Standard Uncertainty
Temperature +0.46 °C
Electrical Energy Consumption +14W
Air Velocity +0.05 m/s
Pressure Drop +5Pa
Filtration Efficiency +5%

5.5 Results and Discussion

5.5.1 Evaluating the Heat Transfer Performance of the System

Figures 5.6a-d illustrate the variation of temperature with time at various locations on the test filter
under a recirculation flow rate of 296 m*/h and an inlet air set-point temperature of 85°C. As is
evident, the temperature on the filter's front surface is higher in the bottom and middle regions
compared to that of the top region. This pattern arises due to the predominance of forced
convection over buoyancy-driven flow on the front surface (i.e., the Richardson number (R1) order
of magnitude in this work is 0.001, which is by far lower than one). As warm air enters the unit, it
transfers heat to the filter, the surrounding air within the cavity, and the unit frame. This heat
exchange causes the temperature of the advective air stream to decrease progressively as it reaches
the upper regions of the filter. Consequently, the upper section of the filter front exhibits a relatively

lower temperature.

Furthermore, as shown in Fig. 5.6, the backside of the filter consistently exhibits a lower
temperature than the front, with the lowest temperature observed at the bottom of the back surface.
This difference is because, as illustrated in Fig. 5.1, the backside of the filter is not in direct contact

with the incoming warm air. Instead, heat is conducted from the front surface to the back. In
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contrast to the front surface, where forced convection dominates, the back surface primarily
experiences buoyancy-driven flow, resulting in higher temperatures in the upper regions of the

filter's back compared to the lower regions.
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Fig. 5.6. Temperature variation at different locations on the filter, including (a) top of the front surface, (b) middle of
the front surface, (c) bottom of the front surface, and (d) filter back surface, over time for a 1-in MERV 11 filter at a
recirculation flow rate of 296 m3/h and warm inlet air set point temperature of 85°C. Abbreviations related to these

figures are specified in Fig 5.3.
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Figure 5.7 illustrates the variation of temperature distribution on the filter surface over time at
different recirculation flow rates of the fans. To achieve the required disinfection temperature of
65°C, the minimum value of the box plot must be above the horizontal red line. As shown in Figs.
5.7a-c, at an airflow rate of 88 m*/h, the target disinfection temperature cannot be reached within
a reasonable timeframe. At a recirculation flow rate of 148 m*h (Figs. 5.7d-f), the filter reaches
the target temperature merely when the warm inlet temperature is set as high as 105°C. However,
the time required to attain this condition remains long (exceeding 20 minutes). When the
recirculating flow rate is increased to 223 m>/h (Fig. 5.7g), decontamination is achievable at a
lower inlet temperature of 85°C; however, the required time remains substantial. A further increase
in both the warm inlet temperature and the recirculating flow rate significantly reduces the time
necessary to reach the disinfection temperature at the filter (Figs. 5.7i-1). As illustrated in Fig. 5.71,
at a recirculating airflow rate of 296 m>/h and an inlet temperature of 105°C, the entire filter area
reaches the target temperature (65°C) in less than five minutes. This effect arises because higher
recirculating airflow rates enhance convective heat transfer at the filter's front surface, allowing
the minimum filter temperature to reach the target disinfection level more rapidly (Figs. 5.8a-c).
In other words, at a constant inlet temperature, with an increase in the airflow rate, the minimum
filter temperature increases. Furthermore, it should be noted that, according to Fig. 5.7, at a
constant warm inlet temperature, increasing the recirculation flow rate can significantly reduce the
temperature difference within the filter, resulting in a more uniform temperature distribution due

to enhanced convection heat transfer.
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(g) 223 m*h at 85 °C (h) 223 m*/h at 95 °C
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Fig. 5.7. Filter temperature profiles over 30 minutes at varying inlet air temperatures and recirculation flow rates,
including (a) 88 m3/h at 85 °C, (b) 88 m3/h at 95 °C, (c) 88 m*/h at 105 °C, (d) 148 m*/h at 85 °C, (e) 148 m3/h at 95 °C,
(f) 148 m*h at 105 °C, (g) 223 m*/h at 85 °C, (h) 223 m*h at 95 °C, (i) 223 m*h at 105 °C, (j) 296 m*/h at 85 °C, (k)
296 m3/h at 95 °C, and (1) 296 m*/h at 105 °C.
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Fig. 5.8. Variation of the minimum filter temperature over time at different recirculation flow rates, with constant
warm inlet temperatures of (a) 85 °C, (b) 95 °C, and (c) 105 °C.

5.5.2 Evaluating the Energy Performance of the System

The energy performance of the proposed disinfection technology depends on two key factors: (1)
the electrical energy consumption, which includes the power required to operate the external fans
(for air recirculation) and to raise the system temperature; and (2) the time required to achieve

effective disinfection. Figure 5.9 compares the energy consumption and disinfection duration
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across six cases that can achieve the target filter surface temperature of 65 °C within a reasonable
timeframe. To ensure microorganism inactivation, the system must maintain this temperature for
a sufficient period, set at 10 minutes in this study, as indicated in Table 5.2, to effectively destroy
the COVID-19 virus. As illustrated in Fig. 5.8, when the inlet air temperature is set to 105 °C, and
the recirculation rate is 296 m>/h, the filter temperature reaches 65 °C in approximately 3 minutes.
Maintaining this condition for an additional 10 minutes ensures the elimination of microorganisms
that have become trapped in the filter. According to Fig. 5.9, under these operating conditions, the
filter is decontaminated in 13 minutes, with a total energy consumption of just 0.11 kWh, including

both fan and heating element power.
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Fig. 5.9. Comparing energy consumption and required time for disinfection between cases, meeting the disinfection
criteria.
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The cumulative disinfection energy over the service life of a filter depends on the frequency of
disinfection and filter properties, including pleat density (number of pleats/cm), media material
(commonly made of synthetic polymer, and fiberglass fibers [203—205]), thickness, porosity and
dimensions. The exact disinfection frequency will vary with the application (e.g., residential,
commercial, or healthcare facilities), environmental conditions (e.g., relative humidity and dust
loading [169,206]) and operational circumstances (e.g., pandemic outbreaks). Assuming one
disinfection cycle per day and a three-month service life of the tested filter, the cumulative
disinfection energy, based on a disinfection duration of 13 minutes and an energy consumption of

0.11 kWh per cycle, is approximately 9.9 kWh.

All previous cases were examined at the maximum reachable flow rate of 2100 m*/h in the closed-
loop wind tunnel. To assess the dependency of energy performance on the flow rate, tests were
conducted at a warm inlet set-point temperature of 105 °C and a recirculation rate of 296 m*/h,
comparing scenarios where the wind tunnel was turned off (no flow) and operating at maximum
flow (2,100 m*/h). The results, depicted in Fig. 5.10, reveal that the wind tunnel flow rate has a
negligible impact on the average filter temperature within the unit. Furthermore, the measured
energy consumptions in these scenarios were not significantly different, with values of 0.11 kWh
and 0.10 kWh recorded for the maximum and zero flow conditions within the wind tunnel,
respectively. This outcome highlights the insulating effect of the twin-wall polycarbonate sheets
deployed in the system. With a thermal conductivity of approximately 0.05 W/m-K, these sheets
effectively minimize heat dissipation to the surrounding air, ensuring consistent energy efficiency

regardless of the duct flow rate.
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Fig. 5.10. Investigating the impact of airflow rate within the wind tunnel ductwork on the average filter temperature
at the warm inlet air temperature of 105 °C, and fans' recirculation flow rate of 296 m*/h.

5.5.3 Evaluating Filtration Efficiency of the Technology

Figure 5.11 demonstrates the particle removal efficiency of the standalone test filter at air velocities
of 0.5, 0.75 and 1 m/s within the wind tunnel. As can be seen, for submicron particles, where
diffusion is the dominant filtration mechanism, increasing the air velocity reduces the filtration
efficiency. This stems from the fact that the diffusion caused by the Brownian motion of tiny
particles is inversely proportional to the Peclet number (advection rate to diffusion rate) [207] and,
therefore, air velocity. However, according to Fig. 5.11, increasing the air velocity enhances the
filtration efficiency for particles larger than one micron, as the inertial impaction, which is directly
proportional to the Stokes number (ratio of a characteristic time of a particle to that of the flow)

[207], and consequently, air velocity, is the primary filtration mechanism.
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Fig. 5.11. Size-resolved particle removal efficiency of a standalone 1-in MERV 11 filter at different air velocities.

Figures 5.12a-c compare the size-resolved particle removal efficiency between the standalone
MERV-11 filter and the disinfection units proposed in this study. As depicted in Figs. 5.12a-c, there
is no significant difference in filtration efficiency between the standalone filter and the open-gates
mode, where two side-by-side units are fully open. This result suggests that the gates and frames
of the installed disinfection units have a minor impact on filtration efficiency when both units are
open. However, according to Figs. 5.12a-c, when one of the units gets closed, the filtration
efficiency reduces for submicron particles and increases for large particles. During the closed-
gates operating mode, the air velocity of the adjacent open unit will be doubled. Therefore, due to
the rise in the filter face velocity, the diffusion of submicron particles reduces, leading to a decrease

in the filtration efficiency. Nonetheless, for large particles, an increase in the filter face velocity
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improves the particle capturing by the inertial impaction. Consequently, the penetration of the

larger particles from the upstream to the downstream of the filter is lessened.
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Fig. 5.12. Comparison of the filtration efficiency between the three cases, including the standalone MERV-11 filter,
open-gate mode (two open units with MERV-11 filters), and closed-gate mode (one unit closed, one unit open with
the MERV-11 filter) at a duct velocity of (a) 0.5 m/s, (b) 0.75 m/s, and (c) 1 m/s.

5.5.4 Evaluating the Pressure Drop of the Disinfection System

Figure 5.13 illustrates the pressure drop associated with three configurations, including standalone
filter, open-gates mode, and closed-gates mode, at varying duct airflow rates. As shown, the open-
gates mode, which involves the installation of the proposed disinfection system with the gates
open, has a negligible impact on the pressure drop compared to the standalone filter. Even at a high
airflow rate of 2000 m>/h, the pressure drop increase in the open-gates mode is less than 5%
(approximately 3 Pa) relative to the standalone filter. This indicates that, under normal operating

conditions, the introduction of the disinfection system does not impose significant flow resistance.

In contrast, during the disinfection period, when one of the units is insulated by closing its gates

(closed-gates mode), the pressure drop increases considerably. The difference between the pressure
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drop in the closed-gates mode and the standalone filter rises with increasing airflow rates. For
instance, at an airflow rate of 2000 m*/h, the pressure drop increases from 65 Pa for the standalone
filter to approximately 205 Pa in the closed-gates mode. This substantial increase in pressure drop
in the closed-gates mode is due to the change in airflow rate. When one unit is closed, the airflow
passing through the adjacent filter doubles, leading to a sharp increase in air velocity at the filter
front face. In porous media, such as HVAC filters, the pressure drop is affected by both frictional
drag and inertial resistance. According to Darcy's law, frictional drag is directly proportional to
velocity, while inertial resistance scales with the square of the air velocity. Therefore, the doubled

air velocity results in significantly higher resistance and a corresponding increase in pressure drop.
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Fig. 5.13. Comparison of the pressure drop vs airflow rate between the three cases, including the standalone MERV-
11 filter, the open-gate mode, and the closed-gate mode.
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The additional flow resistance introduced during the disinfection period increases the power
demand on the main HVAC system fan to maintain the required airflow. This additional fan power

can be estimated as Eq. (5.6) [164]:

Q.Apaaa (5.6)

W =
fan Nmotor- nfan

in which Wfan is the fan power, Ap,44 represents the additional pressure drop, and 7,10 and
Nran are the efficiencies of the motor, and the fan, respectively. For an airflow rate of 2000 m*/h,
the additional pressure drop during the disinfection period is 140 Pa. Assuming constant motor and
fan efficiencies of 90% and 60%, respectively, based on the manufacturer's catalogue [208], and a
disinfection duration of only 13 minutes per unit, the additional energy consumed by the fan during
disinfection (Wfan X Disinfection Duration) is approximately 0.03 kWh per unit. Therefore,

although the increase in pressure drop during disinfection is notable, the short duration (about 13
minutes per unit) ensures that this temporary rise has a negligible impact on the HVAC system's

overall energy consumption over its operational cycle.

5.5.5 Practical Prospects and Limitations

The parallel application of the existing disinfection technologies summarized in Table 5.1 with
conventional filtration can present practical challenges, in particular, may not effectively
decontaminate filters that can serve as potential secondary sources of contamination. Furthermore,
integrating HVAC filters with other disinfection technologies may introduce risks associated with
ozone and secondary by-product generation, particularly in electrostatic precipitator (ESP),
plasma, and photocatalytic systems. The limited penetration of UV light into the porous fibrous

structure of filters, combined with its high energy consumption (e.g., approximately 0.48 kWh for
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decontamination of a 20 cm x 20 cm test filter, as reported in Ref. [189]), further constrains the

adoption of UV-assisted filtration.

Existing technologies on thermal disinfection of filters also encounter certain practical challenges.
For instance, a pressure drop on the order of 5 kPa was reported in the approach introduced by
Soni et al. [194], while elevated operating temperature requirements and the possibility of
significant pressure losses associated with metallic foams, as well as current uncertainties in the

reliability of solar-driven technologies, may hinder broader HVAC implementation.

In contrast, the present study demonstrates that applying recirculating warm air within an insulated
enclosure can effectively disinfect a pleated MERV 11 filter in 13 minutes, consuming only about
0.11 kWh per cycle, while adding a minor additional load on HVAC fans during disinfection and
without compromising filtration efficiency. The technology also avoids ozone-related concerns, as
no reactive species are detected during our tests. Owing to its apparent robustness, relatively low
energy consumption, and modular design, the system can be amenable to implementation in large-

scale HVAC applications.

In terms of practical deployment, the design and placement of the disinfection unit may vary
depending on the HVAC system size and configuration. A single disinfection module can be
installed at the end of a return-air duct upstream of the central ventilation unit. In larger commercial
buildings, schools, or healthcare facilities, multiple modules may be strategically distributed
within the duct system or mounted near supply outlets serving individual zones. The proposed
technology is particularly suited for pleated filters. For HEPA filters with greater depth and surface
density, the required disinfection time could become excessively long, limiting the method’s
practicality. Additionally, the system requires adequate installation space for the warm air

recirculation duct, which may not be available in compact or retrofit applications.
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It should be noted that live microorganisms were not used in the present experiments; instead,
literature-based thermal inactivation data were employed to validate the concept. Future work will
involve biological testing using live microorganisms in a controlled test apparatus to safely
quantify the efficiency of microbial inactivation on loaded filter media at different temperatures

and exposure times.

5.6 Conclusions

To address the deficiency of existing disinfection technologies in HVAC systems, this study
proposes a novel disinfection system that combines conventional air filtration with heating to
entrap and inactivate pathogens. The inventive device operates by recirculating warm air in an
insulated cavity that contains HVAC filters. The heat transfer performance of the system was
investigated experimentally at various operating conditions, including different warm inlet
temperatures (85, 95, and 105 °C) and recirculation rates within the units (88, 148, 223, and 296
m?/h). Furthermore, a closed-loop aerosol wind tunnel accommodating the system prototype was
developed following the ASHRAE 52.2 standard. This aerosol wind tunnel was then deployed to
evaluate the size-resolved filtration efficiency and pressure drop of the proposed disinfection
system at varying duct airflow rates and different operating modes. The main findings are as

follows:

(1) An increase in the warm inlet temperature and the recirculating flow rate significantly decreases

the time required to reach the disinfection temperature at the filter.

(2) At a warm inlet air temperature of 105 °C, and units' air recirculation rate of 296 m3/h, the
proposed system increases the temperature of a 1-in MERV-11 filter from room temperature to 65

°C in only 3 minutes. Maintaining this condition for an additional 10 minutes ensures the
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elimination of entrapped COVID-19 viruses within the filter. To do so, the total energy

consumption of the disinfection system is 0.11 kWh.

(3) An increase in the air velocity within the ductwork decreases the particle-capturing mechanism
of submicron aerosols. However, for large particles, a rise in the duct flow rate increases inertial

impaction and, therefore, filtration efficiency.

(4) The introduced system does not affect the particle removal efficiency compared to a standalone
filter when the gates of two side-by-side units are open (open-gates mode). However, during the
disinfection process, when one of the units is isolated, the particle removal efficiency of submicron
particles decreases, whereas the filtration efficiency of large particles increases compared to a

standalone test filter.

(5) Under normal operating conditions (open-gates mode), the addition of the proposed
disinfection system does not impose significant flow resistance compared to a standalone filter.
However, during the disinfection period (closed-gates mode), the pressure drop increases
considerably. Even though the increase in pressure drop during the disinfection period is
considerable, the disinfection duration is short (approximately 13 minutes per unit). Consequently,
this temporary increase in pressure drop would not significantly affect the total energy

consumption of the HVAC fans over the system's operational cycle.
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6.1 Preface

Air filters are widely used in HVAC systems to control the transmission of airborne
microorganisms. However, their application is associated with frequent maintenance,
accumulation and release of bioaerosols. To address these issues, the present study proposes a
novel thermal disinfection approach integrated into a two-stage filtration system comprising a
MERYV 8§ pre-filter and either MERV 11 or MERV 13 main filter. To maintain continuous airflow,
the system employs two side-by-side units with the same filters sequentially disinfected via forced
convection heating while maintaining continuous filtration. A closed-loop aerosol wind tunnel,
based on the ASHRAE 52.2 standard, was implemented to evaluate the filtration efficiency and
pressure drop of the system at various configurations and operating modes, including normal
operation (both units open) and a disinfection period (one unit closed). Moreover, a heat transfer
setup was developed to measure the required time and energy consumption for meeting the
literature-based thermal inactivation criteria (10 minutes exposure to 65 °C) across three inter-
filter distances. A comparison of the theoretical correlation for estimating the overall filtration
efficiency of multi-stage systems with experimental results confirmed good agreement in normal
operation, with some deviations during the disinfection period due to flow redistribution.
Furthermore, changing the inter-filter distance has relatively minor impacts on the overall filtration
efficiency and pressure drop compared to its effect on the disinfection process. Consequently, the
energy performance of the disinfection system should be considered the primary criterion when

determining the optimal distance between the pre-filter and the main filter.

6.2 Introduction
Indoor air quality (IAQ) has attained significant importance in modern society and the post-

COVID-19 pandemic era. Individuals spend approximately 90% of their time in enclosed spaces
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and inhale an average of 15-20 m? of air daily [68,160]. Poor IAQ and reduced thermal comfort
[161-163] pose significant health risks, especially when the indoor environment is contaminated
with pathogenic microorganisms [74]. Heating, ventilation and air conditioning (HVAC) systems

are held accountable for maintaining indoor air quality and thermal comfort.

The prominent role of proper HVAC systems design illustrated itself during the virulence of
pandemics such as SARS, Influenza HIN1, and COVID-19, which collectively caused widespread
morbidity and mortality over the last two decades [18]. Air filtration is a widely adopted strategy
for controlling airborne microorganisms' transmission in HVAC systems due to its cost-
effectiveness, ease of implementation, and viability in removing air contaminants [23]. According
to ASHRAE recommendations in 2021, high-efficiency filters with a Minimum Efficiency
Reporting Value (MERV) of 13 or higher should be used to reduce the spread of airborne pathogens
[209]. Published works in the literature have illustrated that MERV 13 filters effectively lower
infection risks in enclosed spaces [164-166]. Nonetheless, rising filtration efficiency beyond
MERYV 13 provides slight surplus advantages in reducing aerosolized pathogens concentrations

[164,200].

Notwithstanding their effectiveness, the application of HVAC filters is associated with several
challenges. Filters require frequent maintenance due to particulate matter accumulation, leading to
increased pressure drop and fan energy consumption [12,64,210]. Furthermore, considering that
filtration is an entrapment mechanism and does not inactivate captured microorganisms,
bioaerosols may accumulate on the filter surfaces over time, contributing to fungi and spores'
growth in the presence of moisture and organic particles [211,212]. This colonization degrades
filtration performance and turns filters into secondary pollutant sources, increasing the risk of

pathogens re-aerosolization during the fan restart cycles and filter replacement [26,206].
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One of the well-established solutions to mitigate rapid clogging and the need for frequent
replacement of HVAC filters is the implementation of multi-stage filtration systems. Multi-stage
filtration, widely applied in commercial buildings and health care facilities, employs inexpensive
coarse pre-filters to protect the main stage filters with higher MERV ratings [213,214]. This
configuration extends the service life of the main filter by reducing its particulate load and,

therefore, maintains filtration efficiency and lowers operational costs [207,215,216].

For instance, Tian et al. [216,217] experimentally evaluated various pre-filter and main filter
combinations and found that a G4 pre-filter (equivalent to MERV 8) provided the best balance of
efficiency and longevity, offering the longest protection period for high-efficiency filters such as
F9 and E11 (corresponding to MERV 16). Specifically, adding a G4 upstream extended the service
life and dust-holding capacity of an E11 filter by 3.8 and 3.6 times, respectively. In a related study,
Tian et al. [215] showed that while a G4 pre-filter improved the service duration of melt-blown F9
and PTFE E11 filters, it unexpectedly reduced the lifespan of a cellulose-based F7 filter,

highlighting that the effectiveness of pre-filters depends strongly on the main filter media.

Wu et al. [200] experimentally investigated the performance of two-stage filtration systems,
including pre-filters (MERV 6, MERV 8, and an electrostatic enhanced air filter (EEAF)) and
MERYV 11 filters. The results revealed that the combination of MERV 8 and MERV 11 filters
obtained a superior quality factor (filtration efficiency to pressure drop ratio) compared to other
combinations, where 50 % of particles within the size range of 0.1 to 1 um were removed at an air

duct velocity of 1 m/s.

Despite the effectiveness of multi-stage filtration systems in delaying the clogging of high-

efficiency filters, they cannot prevent the re-aerosolization of bioaerosols and the release of
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particles downstream [74]. Therefore, supplementary disinfection technologies should be

hybridized with filtration to address the filter colonization issue.

Several filter-assisted sterilization technologies have been reported, including electrostatic
precipitators (ESPs), ultraviolet (UV) irradiation, photocatalysis, and plasma treatment. ESPs
enhance particle removal by corona discharge but are hindered by ozone generation, harmful by-
products, high costs, and safety risks from high-voltage operation [62—68]. UV-based systems can
disinfect both HEPA and non-HEPA filters [61,69], yet their effectiveness is reduced by high
humidity, limited penetration into filter pores, declining performance at higher duct flows, and
high energy use [18,62,70]. Photocatalytic coatings, typically based on TiO: or ZnO, generate
reactive oxygen species to inactivate pathogens [71,72], but their efficiency decreases at high
airflow rates and sunlight-only conditions, while ozone generation remains a concern [71,73].
Plasma-assisted systems show promise in portable devices [18,75], but large-scale HVAC

integration is limited by ozone and ion by-products as well as high energy demands [18,75,77].

The application of thermal treatment is another viable approach for air filter decontamination.
Among various disinfection technologies, thermal inactivation, which is the focus of this study,
demonstrates superior efficiency [18]. Unlike previously mentioned disinfection methods, heat can
penetrate excellently. The key factors determining the effectiveness of heat-based disinfection are
temperature and exposure time, both of which depend on the characteristics of the target

microorganisms [19-21].

Studies examining used HVAC filters have identified frequent colonization by bacteria such as
Bacillus, Staphylococcus, Pseudomonas, and E. coli; fungi such as Aspergillus and Penicillium;
and viral RNA from pathogens including SARS-CoV-2 [167-170,206,218,219]. Research suggests

that maintaining a temperature of approximately 65 °C for 10 minutes is sufficient to inactivate
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many common microorganisms found in HVAC systems, including vegetative bacteria (e.g., E.
coli [79], Legionella pneumophila [80], and Pseudomonas aeruginosa [81]), and viruses (e.g.,
rhinovirus [82], avian influenza [83], and SARS-CoV-2 [84]). It should be noted that while certain
fungal spores such as Aspergillus niger and Penicillium citrinum are reported to have lethal
temperatures in the relatively low range of 45-56 °C under dry heat treatment [29], which suggests
that exposure to 65°C could be sufficient for significant inactivation, achieving complete
inactivation of heat-resistant fungal spores typically requires conditions more severe than 65 °C
for 10 minutes [85]. Therefore, maintaining 65 °C for 10 minutes was selected in this study as a
conservative benchmark condition representing effective thermal inactivation for the majority of

relevant microorganisms while remaining practical for HVAC-scale application.

Despite the high antiviral and antibacterial efficiency of heat treatment, only a limited number of
studies have explored the integration of air filtration with thermal disinfection [78]. Xie et al. [86]
reported that a hybrid system combining a photovoltaic (PV) panel, a Trombe wall, and an air filter
achieved over 60% reduction of Klebsiella pneumoniae bioaerosols. Yu et al. [87] introduced a
self-heating nickel foam filter that inactivated >99.9% of SARS-CoV-2 at the filter temperature of
200 °C but required 500 W for a relatively small filter (24 cm x 30 cm), raising scalability

concerns.

Table 6.1 compares the capabilities of different filter disinfection methods proposed in the
literature. As is evident, high energy consumption, risk of high voltage, generation of harmful by-
products, short life span, and large-scale scalability are the main barriers to the application of
existing technologies. Furthermore, despite the specified advantages of the multi-stage filtration
system, none of the previously published studies focused on integrating thermal disinfection into

multi-stage HVAC filtration. Current thermal approaches, while effective, often face challenges
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such as high energy consumption or limited scalability. Thus, there remains a critical need for an
energy-efficient, scalable solution that ensures both high filtration efficiency and effective

disinfection of accumulated pathogens.

Table 6.1. Comparing the existing filter disinfection technologies in the literature with the proposed technology in
this study.

Technology Energy High No Harmful No Risk Long Portable  Scalability
Efficient Inactivation By-products of High Life Air in HVAC
Efficiency Voltage Span Purifiers
ESP + Filter v v
UVC + Filter v v V4 v v
Photocatalysis + v v v
Filter
Plasma + Filter v v
Heat + Filter v v
(Existing Techs.)
Proposed Tech. v v v v v v v
(Present Work)

To fill this research gap, this study proposes a novel heat-based technology for the disinfection of
a two-stage filtration system, including a pre-filter (MERV 8) and different main-stage filters
(MERV 11 and MERV 13). By combining the two-stage system with thermal inactivation, the
proposed system can prevent rapid clogging of the main filter and inactivate accumulated
pathogens. Moreover, by employing two insulated side-by-side units, the system is energy-
efficient and easily installed in HVAC systems. Unlike plasma, photocatalysis, or ESP-based
systems, thermal disinfection of filters relies solely on heat and therefore does not produce ozone
or other reactive oxygen species [220]. Previous studies have shown that volatile organic

compound (VOC) emissions from filter materials remain negligible below 100 °C, and that any
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minor release originates mainly from desorption of pre-existing compounds on dust-loaded filters

rather than from the filter media itself [221-225].

While two-stage filtration systems have been extensively studied for filtration performance, no
previous work has investigated their disinfection and how filter spacing affects flow characteristics
and disinfection efficiency. The present study provides a new experimental framework for
understanding the coupled aerodynamic and thermal performance of multi-stage HVAC filters in
both normal and disinfection modes. Details on the disinfection device's working principle are
provided in Section 6.3. The main novelties and contributions of the present work can be

summarized as follows:
1. Proposing a novel, energy-efficient method for disinfecting two-stage HVAC filtration systems.

2. Evaluating the pressure drop and filtration efficiency of the two-stage system in a recirculating

aerosol wind tunnel based on ASHRAE 52.2 standard [52].

3. Assessing the accuracy of theoretical correlation for estimating the overall filtration efficiency

of multi-stage systems in different operating modes.

4. Determining the optimal distance between the pre-filter and the main-stage filter, which can

provide energy-efficient disinfection without lowering filtration efficiency.

6.3 Problem Description
Figures 6.1 and 6.2 illustrate the operating principles and components of the proposed disinfection
technology investigated in this study. As depicted in Fig. 6.1, the disinfection module consists of

two identical units arranged side by side, each comprising a pre-filter and a main-stage filter.
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Initially, both units remain open, with heating elements and axial fans turned off, allowing the
two-stage filtration system to capture bioaerosols effectively. After a specific operational period,
depending on the installation environment or the concentration of microorganisms, one of the
disinfection modules is isolated by closing its gates (Unit 1 in Fig. 1). In the isolated unit, the
heating element and recirculation fans are activated. These axial fans direct airflow upwards
toward heating wires positioned beneath the filters, causing heated air to flow through a slot into
the space between the pre-filter and the main-stage filter. The heated air rises, transferring heat to
the filters through forced convection, and subsequently recirculates via the designated recirculation
duct. This heating process continues until both filters reach the targeted disinfection temperature,
and the exposure duration is sufficient to ensure the destruction of all targeted bioaerosols trapped

within the filters.

In this study, the targeted temperature and exposure time are set at 65°C and 10 minutes,
respectively, parameters effective in disinfecting the most common pathogens, as previously
discussed. Upon completion of the thermal disinfection process, the heating element and
recirculation fans are deactivated, and the isolated unit is reopened. Throughout the disinfection
process of one unit, the adjacent unit (Unit 2) remains fully operational, continuing the capture of

microorganisms. Sequential repetition of this process ensures continuous disinfection of both units.
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Fig. 6.1. Schematic diagram demonstrating the disinfection approach utilized in the two-stage filtration system

investigated in this study.
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Fig 6.2. Technical schematic depicting the layout and dimensions (mm) of the heat-driven filter disinfection system,
including 1: pre-filter, 2: gates, 3: sliders, 4: main filter, 5: axial recirculating fans and 6: the heating element.

6.4 Methodology

The investigation of the performance of the proposed technology includes an experimental
evaluation of the filtration efficiency and pressure drop of the two-stage system in a closed-loop
aerosol wind tunnel, as well as an assessment of the heat transfer and energy performance of the

disinfection units. Therefore, the methodology in this work is divided into two sections.

6.4.1 Fully Recirculating Aerosol Wind Tunnel

For the sake of measuring the particle removal efficiency and pressure of the two-stage filtration
system, a closed-loop aerosol wind tunnel with a total length of about 18 m and a cross-section of
0.61 m x 0.61 m meeting ASHRAE 52.2 [22] and Guideline 26 [195] was employed (Figs. 6.3 and
4). A centrifugal fan is implemented to circulate air within the ductwork and maintain the airflow
at a desirable value during the test. A poly-disperse aerosol generator filled with KCI solution (25

gr KCl per 0.100 liter of ionized water) injects aerosols into the wind tunnel. Two mixing baffles
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are installed at the upstream and downstream sampling locations to provide a uniform particle
distribution. Isokinetic samplers connected to vacuum pumps collect aerosols upstream and
downstream of the test section. An automated sample switching unit is used to switch between the
isokinetic sampling lines before and after the filter. This switching valve allows measuring
filtration efficiency with a single optical particle counter (OPC). Furthermore, a pressure
transmitter connected to a data logger is employed to measure the pressure drop of the two-stage
filtration system. The specifications of all equipment utilized for filtration efficiency tests are

detailed in Table 6.2.
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/ |—|= Mixing®
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21m
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Air Transport air |~ |

Fig. 6.3. A schematic diagram of the recirculating aerosol wind tunnel.
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Fig. 6.4. Experimental setup for evaluating filtration efficiency and pressure drop.

Table 6.2. Specifications of the equipment implemented for testing the filtration efficiency and pressure drop of the

disinfection system.

Instrument

Model / Specifications

Centrifugal fan

Aerosol generator

Optical particle counter (OPC)

Isokinetic coupler and sampling
probe

Vacuum pump

Sample switching valve
Differential pressure transmitter
Data logger
Thermo-anemometer

Mixing baffle

Rosenberg GKHM 280-CIB

TOPAS-ATM240/S (generates aerosols in the size range of 0.3 to 10 um, fed by
a 5-bar compressed air)

TOPAS-LAP 340/L (measures aerosol concentration (#/cm?) for particle
diameter of 0.2 to 10 um)

TSI- P/N 1130011

TSI model 3032 (produces flow rates up to 5 L/min)
TOPAS- SYS520/S

OMEGA-PX655-05DI, accuracy + 3 Pa
NI-USB-6002

TSI-9535, accuracy + 0.05 m/s

Manufactured according to ASHRAE 52.2 with a 40 % open area on the
perforated diffusion plates
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The filtration efficiency of a particle removal system can be determined using the following

expression [200,201]:

P
n=(1— Rave) « 100 (6.1)

ave

where P, denotes the average penetration, representing the fraction of aerosols that pass through
the filter (Eq. (6.2)). The term R, refers to the average correlation ratio, which acts as a correction

factor and is determined from Eq. (6.2) when the filtration device is absent.
— z i,0 Cb ave /
ave Ul e Ub ave

Here, C; , and U; , correspond to the observed downstream and estimated upstream concentrations,

(6.2)

respectively. The terms Cj, 4,0 and Up 4y represent the average concentrations of background
samples recorded before and after aerosol generation at the respective sampling locations (Egs.
(6.3) and (4)). While C;, can be directly measured using an optical particle counter (OPC), the

estimation of U; , requires the application of Eq. (6.5):

n (6.3)
Ub,ave = Z Ui,o,b /TL
i=1
n (6.4)
Cb,ave = Z Ci,o,b /Tl
i=1
Uio + Ugi+1),0 (6.5)

U, =
Le 2

In this study, three background samples were collected at each sampling location. Furthermore,

data quality considerations implied the total number of samples and the duration of each sampling
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period. Accordingly, four samples were recorded at the upstream location and three at the

downstream location, while the duration of each sampling period was one minute.

Theoretically, the total filtration efficiency of two-stage filtration systems, including a pre-filter

and a main-stage filter that are placed in series, can be estimated as follows [200,226]:
ne=1-(1- npre—filter)(l — Nmain—filter) (6.6)

In the present work, single-stage and two-stage filtration configurations will be tested in the wind
tunnel. Each configuration will be examined under two different operating conditions: the normal
operation mode, wherein both units are open and the disinfection mode, where one of the units is
closed. Each side-by-side unit contains an identical pleated filter in the single-stage filtration
system. Three different pleated filters, including MERV 8, MERV 11 and MERV 13, will be
examined. The specifications of the test filters are summarized in Table 6.3. All filters have
dimensions of 12 in X 24 in x 1 in (30.48 cm X 61 cm X 2.54 cm). For the two-stage filtration
system, this work considers combinations of MERV 8 as a pre-filter, with MERV 11 and MERV
13 as the main-stage filter. Three different spacing distances (D) of 2 cm, 4 cm, and 6 cm between
the two filters will be investigated. It should be noted that the air duct velocity will remain constant
at 0.75 m/s for all experimental tests conducted in this study. At this velocity, ASHRAE's isokinetic
sampling conditions can be met for particle diameters ranging from 0.3 to 3 um in our test rig

when one unit is closed.
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Table 6.3. Specifications of the test filters.

MERV Fiber Material Thickness Pleat Total Effective
(mm) Density Filter Thermal
(Pleat/cm)  Mass" (g) Mass”"(J.K?)
8 Polyester 0.53 0.33 135.53 171.7
11 Polyester 0.66 0.40 173.97 221.3
13 Polypropylene 0.73 0.60 200.51 318.2

* Each filter consists of filter media, a cardboard frame, and aluminum wire.
** The total effective heat capacity (thermal mass) is estimated using the following formula:

(mcp)total - z MiCpi

L
in which m; and ¢,,; specify the mass and the specific heat capacity of the component i of the filter.

6.4.2 Evaluation of Energy Consumption and Heat Transfer

As shown in Fig. 6.5, the prototype of the disinfection system was fabricated using polycarbonate
sheets according to the dimensions provided in Fig. 6.2. All frame walls were covered with
aluminum foil to minimize radiation heat loss. Axial fans and heating wires were installed beneath

the system.

Figure 6.6 depicts the experimental setup developed to evaluate the time and energy required to
disinfect the proposed two-stage filtration system. A proportional-integral-derivative (PID)
controller was used to maintain a constant inlet-air temperature throughout the tests. Figure 6.7
illustrates the transient warm-air inlet temperature regulated by the PID controller during a 60-
minute operation. The controller maintained the inlet-air temperature at approximately 95 + 2 °C.
The minor oscillations observed are attributed to the short thermal and transport lag between the
heater surface and the thermocouple location (i.e., 7 cm above the heating wires). Because all tests

were conducted at the same flow rate (296 m? h™') and setpoint temperature (95 °C), the controller
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performance was nearly identical across all configurations; therefore, only one representative

curve is presented.

The multi-stage filtration system consists of a pre-filter (MERV 8) followed by a main filter
(MERYV 11 or MERV 13). Twelve T-type thermocouples were mounted on each filter (seven on the
front face and five on the rear face), for a total of 24 thermocouples, to monitor filter temperatures.
The placement of these thermocouples on the filters is illustrated in Figs. 6.8a & b. As shown in
Fig. 6.1, the rear face of the pre-filter and the front face of the main filter are directly exposed to
forced convection from the recirculating warm air, while the opposite faces are primarily
influenced by natural convection. Because of flow direction and lateral heat losses, the lowest
temperatures on the forced-convection faces occur near the upper side edges, whereas on the
natural-convection faces, the bottom and side regions are the coldest. Thermocouples were
therefore positioned at these locations to capture both maximum- and minimum-temperature
zones, ensuring that once the minimum points reached 65 °C, all other areas of the filters had
already exceeded this temperature. Moreover, two thermocouples were installed immediately
before the fans and after the heating wires. Two sixteen-channel data loggers recorded the
temperature data. A power meter was also installed to measure energy consumption. The

specifications of all instruments are summarized in Table 6.4.

To investigate energy performance, three inter-filter distances (D) of 2 cm, 4 cm, and 6 cm were
tested, consistent with the filtration efficiency measurements. For all cases, the temperature of the
air entering the enclosure was maintained at 95 °C to ensure that the filter media would not undergo
permanent degradation [178,179]. The recirculation flow rate of the axial fans within the unit and

the airflow rate in the wind tunnel were kept at 296 m?*/h and 2100 m?/h, respectively.

147



Fig. 6.5. Manufactured prototype for thermal disinfection of the two-stage filtration systems.

Fig. 6.6. Experimental setup for evaluating heat transfer and energy performance of the disinfection unit
accommodated in the wind tunnel.
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Fig. 6.7. Variation of the warm-air inlet temperature regulated by the PID controller during a 60-minute operation.
The red dashed lines indicate the £2 °C range around the 95 °C setpoint (red solid line).
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Table 6.4. Specifications of the equipment utilized for monitoring the heat transfer performance.

Instrument Model / Specifications

PID controller OMEGA-CN32PT-145

Thermocouples OMEGA-T-type -with a diameter of 0.08 mm and accuracy of £0.5 °C
Data loggers NI-9213

Power meter Poniie-PN2000

6.5 Results and Discussion

6.5.1 Filtration Performance of the System in Different Operating Modes

Figure 6.9 demonstrates the particle size removal efficiency of different filter configurations
involving standalone filters and two-stage filtration systems when both units are open (Fig. 6.9a),
and one of the units is closed (Fig. 6.9b). The inter-filter distance for the two-stage system in this
section is kept constant at 2 cm. As can be seen, no matter whether both units are open or one of
the units is closed, adding a MERV 8 pre-filter before a MERV 11 filter significantly improved the
overall filtration efficiency in both submicron and large particle ranges. However, employing a
MERV 8 pre-stage filter upstream of a MERV 13 filter only improves the particle removal
efficiency of larger particles (more than 0.6 pm). Therefore, the presence of the MERV 8 pre-filter
prior to the MERV 13 filter has a more protective role in preventing the clogging of the primary
filter rather than significantly improving the filtration efficiency. Furthermore, comparing Figs.
6.9a & b reveals that for both standalone filters and two-stage filtration systems, closing the gates
of one of the units reduces the filtration efficiency of submicron particles and increases the particle
removal of particles larger than 0.6 um. This is due to the fact that when both units are open, the

air passing through each of the filters has a velocity of 0.75 m/s. When one of the units is isolated

150



(i.e., no air passage for disinfection), the air velocity in the adjacent open unit will be doubled. An
increase in the air velocity reduces the diffusion of the tiny particles and, consequently, lessens
filtration efficiency within the submicron range. However, for the larger particles, an increase in
the air velocity is associated with an increase in the inertial impaction and, therefore, enhancement

of the removal of the larger particles.
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Fig. 6.9. Particle removal efficiency of standalone MERYV filters (MERV 8§, 11, and 13) and two-stage configurations
(MERYV 8 + 11 and MERV 8 + 13) at a duct velocity of 0.75 m/s. Subfigures (a) and (b) show results under normal
operation mode (both units active) and disinfection mode (one unit isolated), respectively.
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6.5.2 Effect of Distance Between the Filters on the Filtration Efficiency

Figures 6.10 and 11 illustrate the impacts of changing the inter-filter spacing on the efficiency of
the combined filtration system of MERV 8 + MERV 11 and MERV 8 + MERV 13, respectively.
As 1s evident, MERV 8 + MERV 11 shows a more noticeable variation across the different
spacings, particularly under disinfection mode. In contrast, for MERV 8 + MERV 13, the efficiency
curves for the three spacings of 2 cm, 4 cm and 6 cm are nearly indistinguishable across the entire
particle size range. This suggests that the localized flow redistribution due to the change in the gap
size between the two filters has a less profound effect on the filtration efficiency of MERV 8§ +
MERYV 13, providing a more robust performance. The more pronounced dependence of the MERV
8 + MERV 11 configuration on flow redistribution arises from its higher permeability and coarser
fiber structure, making its performance more sensitive to local flow non-uniformities and particle
re-entrainment. In contrast, the finer and denser MERV 13 media establish a more uniform velocity
field and enhance diffusional capture of submicron particles, thereby lessening the impact of inter-

filter gap variations.

Figures 6.10 and 6.11 compare the predicted overall removal efficiencies based on the classical
series-filter efficiency equation (Eq. (6.6)) with those of the measured data in the experiments.
According to the provided figures, while the ideal theoretical model matches well with the
measured data for MERV 8 + MERV 13 when the gates are open (Fig. 6.11a), its accuracy reduces
slightly under closed gates mode (Fig. 6.11b) or MERV 8 + MERV 11 combination (Figs. 6.10a &
b) due to the deviation from ideal independent filtration performance. This discrepancy between
the experimental measurements and theoretical prediction stems from the more profound impact
of flow redistribution within the gap on the performance of the combined system of MERV 8 +

MERV 11 compared to that of MERV 8 + MERV 13, and flow disturbance, non-uniform
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distribution of airflow between two filters, and particle re-entrainment caused by closing the

adjacent unit.
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Fig. 6.10. Particle removal efficiency of a two-stage filtration system (MERV 8 + MERV 11) at a duct velocity of
0.75 m/s, evaluated at different inter-filter distances (2 cm, 4 cm, and 6 cm). Subfigure (a) shows results for the normal
operation mode, and (b) for the disinfection mode. Experimental data are compared with single-stage filter
performance (MERV 8 and MERV 11) and theoretical predictions.

154



100 v T T T

90
80 +

70 1

60 - -

1--%--"MERV 8

50 {|--a--MERV 13 1
1/—e— MERVs 8+13 (2 cm) 1

40 4| —e— MERVs 8+13 (4 cm)

1—+—MERVs 8+13 (6 cm)

Particle Removal Efficiency (%)

30 it B i —
—a—- MERVs 8+13 (Prediction)
20 P -
R >."(’
- > —
10 -
0 1 I
0 1 2 3

(b)

100 T T i :

90 - i
i\o/ 80-_ |
S 70 - |
=)

) 1
Q
£ 60+ l
o l
= 50- i
E ]
&) 40-. > i
2 5] ’ ---»-- MERV 8
- - ---4-- MERV 13
E 24 e —e— MERVs 8+13 (2 cm)
] —=— MERVs 8+13 (4 cm)
10 - —v— MERVs 8+13 (6 cm)
) l p--b —--MERVs 8+13 (Prediction)
T T N ! '
0 1 - .

Particle Size (um)

Fig. 6.11. Particle removal efficiency of a two-stage filtration system (MERV 8 + MERV 13) at a duct velocity of
0.75 m/s and varying inter-filter distances (2 cm, 4 cm, 6 cm). Subfigure (a) shows results under normal operation
mode (both units open), and (b) under disinfection mode (one unit isolated). Experimental data are compared with
single-stage filter performance (MERV 8 and MERYV 13) and theoretical predictions.
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6.5.3 Pressure Drop of the System

Figures 6.12a & b illustrate the pressure drop of the single-stage and the two-stage filtration
systems with an inter-filter distance of 2 cm in normal operation (both units active) and disinfection
(one unit isolated) modes, respectively. As is evident, no matter whether a single filter or a two-
stage filtration system is employed, at a constant airflow rate within the duct, closing one of the
units almost tripled the pressure drop compared to that of the normal operation mode. When one
of the units is closed, the airflow rate passing through the filters installed within the open unit is
doubled. According to Darcy's law, the pressure drop caused by the frictional drag within a porous
medium as a filter is directly proportional to the filter face velocity. Therefore, the twofold increase
of the filter face velocity doubles the pressure drop. The additional increase arises from the head
loss caused by flow convergence and divergence when one of the units is closed, as well as from
the growing significance of inertial resistance (Forchheimer term) within the porous filter media
[98]. Under normal operation, the viscous term dominates, resulting in an almost linear pressure—
velocity trend. In contrast, when one unit is closed and the face velocity doubles, the inertial
resistance becomes significant, leading to the non-linear (curved) pressure—flow behavior observed

in the disinfection mode.

Figures 6.13a-d depict the impact of inter-filter distance on the pressure drop of the two-stage
filtration systems for both operating modes at different airflow rates. According to the provided
figures, changing the distance between the pre-stage MERV 8 filter and the primary stage filter
(MERYV 11 or MERYV 13) from 2 cm to 6 cm has an insignificant effect on the pressure drop of the
system. In other words, the variation in the localized flow redistribution at different gaps does not

impact the pressure drop.
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Fig. 6.12. Pressure drop as a function of airflow rate for single-stage (MERV 8, MERV 11, MERV 13) and two-stage
(MERV 8 + 11, MERV 8 + 13) filtration systems with an inter-filter distance of 2 cm under two operating modes: (a)
normal operation and (b) disinfection modes.
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Fig. 6.13. Pressure drop across two-stage filtration systems as a function of airflow rate, evaluated for different inter-
filter distances and operating modes. Subfigures (a) and (b) show results for the MERV 8 + MERV 11 configuration
under normal operation and disinfection modes, respectively. Subfigure (c) and (d) correspond to the MERV § +
MERYV 13 configuration in the same modes.
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6.5.4 Heat Transfer Performance of the Disinfection System

Figures 6.14a-f and 6.15a-f illustrate the temperature variation of the pre-filter and main filter over
time at various inter-filter distances for the MERV 8 + MERV 11 and MERV 8 + MERV 13
configurations, respectively. To achieve thermal disinfection (defined as reaching 65°C), the lower
whisker of the box plot must lie above the red horizontal line. Each box plot represents the

temperature distribution at successive time intervals.

For both two-stage configurations, increasing the distance between the pre-stage and main-stage
filters results in a longer time required for the filter surfaces to reach the disinfection temperature.
At a constant recirculation flow rate of 296 m?/h provided by the axial fans within the unit,
decreasing the inter-filter distance from 6 cm to 2 cm increased the mean air velocity between the

two filters from 4.5 m/s to 13.7 m/s. Consequently, the Reynolds number (Rep, ) rose from 2.47 x

10* to 2.78 x 10* According to the Gnielinski correlation [227], the convection heat transfer

coefficient (h) is directly proportional to Rep,, and inversely proportional to Dy. Hence, as the
inter-filter distance decreases, both the increase in Rep, and the reduction in Dy, act synergistically

to enhance the convective heat transfer on the front surface of the main filter and the rear surface
of the pre-filter. This leads to a higher heat-transfer rate from the warm air to the filters and a

correspondingly shorter time required to reach the target disinfection temperature.

Furthermore, a comparison of Figs. 6.14 and 6.15 reveals that the time required to achieve thermal
disinfection is significantly longer for the MERV 8 + MERV 13 system than for the MERV 8§ +
MERV 11 system. This is because the MERV 13 filter used in this study possesses a higher pleat
density and thicker media, which increase its overall thermal mass. Moreover, the MERV 13
medium is made of polypropylene, which has a higher specific heat capacity (1.9 kJ kg' K™') than

the polyester medium used in MERV 11 (1.2 kJ kg™ K™). According to Table 3, the effective heat
159



capacities were estimated as 172 J K™, 221 J K™, and 318 J K™! for the MERV 8, 11, and 13 filters,
respectively. This indicates that the MERV 13 filter possesses approximately 45% higher thermal
mass than MERV 11 and nearly 85% higher than MERV 8. Therefore, the MERV 8 + MERV 13
configuration requires more energy compared to MERV 8 + MERV 11 to raise the filter

temperature to the disinfection target temperature and maintain it for 10 more minutes.
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Fig. 6.15. Filter temperature variation over time for a MERV 8 + MERV 13 two-stage filtration system at different
inter-filter distances. Subfigures (a), (c), and (e) show the temperature profiles of the pre-filter at an inter-filter distance
of 2 cm, 4 cm, and 6 cm, respectively, while (b), (d), and (f) show those of the main filter at an inter-filter distance of
2cm, 4 cm, and 6 cm, respectively. The red horizontal line indicates the 65 °C threshold required for thermal

disinfection.
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6.5.5 Required Time and Energy for Disinfection of the Two-Stage System

The intersection points between the horizontal line and the minimum temperature in the box plots
of Figs. 6.14 and 6.15 represent the moment when all points on the pre-filter and main filter
surfaces reach the target disinfection temperature. Maintaining this temperature for 10 minutes
ensures the required exposure time to inactivate most airborne pathogens, including SARS-CoV-

2 (COVID-19).

Figure 6.16 presents the energy consumption and total time required for disinfection, i.e., defined
as the time needed to reach 65 °C plus 10 minutes of exposure, for the different two-stage filtration
configurations. As shown, for the MERV 8 + MERV 11 system, increasing the inter-filter distance
from 2 cm to 6 cm raises the electrical energy consumption from 0.18 kWh to 0.24 kWh and
extends the required disinfection time from 30 minutes to 36 minutes. Similarly, for the MERV 8
+ MERYV 13 system, increasing the distance from 2 cm to 6 cm raises the energy consumption from

0.24 kWh to 0.34 kWh and the required time from 39 minutes to 58 minutes.

Since previous sections have demonstrated that changes in the inter-filter distance have relatively
minor effects on the filtration efficiency and pressure drop compared to their impact on the
disinfection process, the energy performance of the disinfection system should be considered the
primary criterion when determining the optimal distance between the pre-filter and main filter.
Based on the results, regardless of whether a MERV 11 or MERV 13 filter is used as the main
filter, maintaining an inter-filter distance of 2 cm minimizes both the time and energy required for

disinfection without compromising overall filtration efficiency or pressure drop.
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6.6 Conclusions

This study introduces a novel thermal disinfection approach for two-stage filtration systems,
combining a MERV 8§ pre-filter with a MERV 11 or MERV 13 main filter. The system, composed
of two insulated side-by-side units, enables continuous filtration and sequential heat-based
disinfection. The system's performance was evaluated at various configurations in a fully
recirculating aerosol wind tunnel constructed in accordance with ASHRAE 52.2. Moreover, the
system's heat transfer performance was experimentally investigated at different inter-filter

distances. The key findings are as follows:
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(1) Integrating a MERV 8 pre-filter upstream of a MERV 11 filter improves overall filtration
efficiency for both submicron and coarse particles, whereas in the MERV 8 + MERV 13 system

the pre-filter primarily serves to protect the main filter from clogging.

(2) Theoretical correlations predict the total filtration efficiency accurately under normal operation

but deviate slightly during disinfection mode due to flow redistribution and particle re-entrainment.

(3) Closing one unit during disinfection approximately triples the pressure drop relative to normal

operation as a result of increased face velocity and inertial losses.

(4) For both MERV 8 + MERV 11 and MERV 8 + MERV 13 configurations, the increased face
velocity during disinfection diminishes capture of submicron particles by diffusion while

enhancing inertial impaction of larger particles.

(5) Variation in inter-filter distance exerts minimal impact on overall filtration efficiency and
pressure drop, yet substantially impacts the energy consumption and time required for effective

disinfection.
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Chapter 7. Conclusion and Future Research
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7.1 Summary of Key Findings and Conclusions

This thesis developed and validated a novel heat-based air disinfection approach that integrates
conventional HVAC filtration with thermal inactivation by heat. To evaluate the feasibility, thermal
performance, and operational implications of this concept, both numerical simulations and
controlled experimental investigations were conducted. The experimental study included heat
transfer performance monitoring, energy consumption assessment, and size-resolved filtration
efficiency and pressure drop measurements performed in an ASHRAE 52.2-compliant closed-loop
aerosol wind tunnel. The heat-based disinfection strategy was implemented and systematically
assessed in three distinct system configurations: (i) a fanless system relying mainly on natural
convection for disinfecting a single filter, (ii) a forced-convection system employing fans and
warm-air recirculation for disinfecting a single filter; and (iii) a warm-air-recirculation system,
similar to the second variant, designed for disinfecting a two-stage filtration system. The key

findings of this thesis are summarized below:

e Numerical Investigation of Natural Convection in a Cavity Including Heat-Generating

Cylinders:

e A two-dimensional, unsteady turbulent CFD model was developed to investigate
buoyancy-driven flow in an enclosure containing tubular heating elements. Five different
configurations were examined by varying the number of heating elements, their spatial
arrangement, and the geometry of the enclosure through the addition of a heating chamber.

e Validation against benchmark results from the literature confirmed the accuracy and

reliability of the adopted numerical methodology.
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e The simulations showed that the system operates in a high-Rayleigh-number turbulent
regime (Ra > 10%), where strong buoyant plumes induce significant vertical temperature
stratification and flow asymmetry.

e By introducing a heating chamber beneath the frame and redistributing the heating
elements to promote preheating and enhanced mixing near the bottom of the enclosure, the

temperature non-uniformity within the cavity was significantly reduced.

Natural-Convection-Based Thermal Disinfection of Single-Stage Filtration Systems:

This system demonstrated that full-surface thermal disinfection of a pleated MERV 11 filter

is feasible without mechanical systems (e.g., fans). Incorporating a heating chamber

beneath the filter frame enabled the filter to reach the target disinfection condition (65 °C
for 10 minutes) within approximately 35 minutes, with an energy consumption of 0.1 kWh.

e Compared to configurations without geometric modification, the chamber-based design
significantly reduced temperature stratification and achieved more uniform heating across
the filter surface, confirming the numerical predictions of Chapter 3 and validating the
design methodology.

e Although the natural-convection approach provides a mechanically simple, reliable and
energy-efficient solution, the relatively long disinfection period motivated the development
of forced-convection configurations to accelerate thermal disinfection.

e At all duct velocities, incorporating the chamber and heating elements downstream of the

test filter has a negligible impact on filtration efficiency. During disinfection, however,

closure of one unit increased the face velocity through the remaining open filter, decreasing

submicron particle removal while increasing the capture of larger particles.
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Adding the chamber and heating element introduced only a small additional resistance
during normal operation compared to a standalone filter. During the disinfection process,
although temporary gate closure almost tripled the pressure drop, the impact on total HVAC

fan energy use is limited.

¢ Forced-Convection-Based Thermal Disinfection of Single-Stage Filtration Systems:

The forced-convection configuration with recirculating warm air significantly reduced
disinfection time compared to the fanless natural-convection approach. Under optimal
operating conditions, the MERV 11 test filter reached 65 °C in approximately 3 minutes
and was fully disinfected within 13 minutes, with an energy consumption of approximately
0.11 kWh per cycle.

Increasing the recirculation flow rate and inlet temperature enhanced convective heat
transfer at the filter surface, reduced temperature non-uniformity, and shortened the time
required to achieve the target inactivation condition.

The introduced system does not affect the particle removal efficiency compared to a
standalone filter when the gates of two side-by-side units are open. However, during the
disinfection process, when one of the units is isolated, the particle removal efficiency of
submicron particles decreases, whereas the filtration efficiency of large particles increases
compared to a standalone test filter.

During normal operation (open-gates mode), the integration of the disinfection unit does
not introduce a significant additional pressure drop compared to a standalone filter.
Although pressure drop increases during the short disinfection period (closed-gates mode),
the limited duration of thermal treatment (= 13 minutes per cycle) ensures that the overall

impact on HVAC fan energy consumption remains minimal.
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Forced-Convection-Based Thermal Disinfection of Two-Stage Filtration Systems:

Adding a MERYV 8 pre-filter upstream of a MERV 11 filter enhances the filtration efficiency
for both submicron and large particles. However, employing the pre-filter before the MERV
13 filter has a more protective role in preventing the clogging of the primary filter rather
than a considerable improvement in overall efficiency.

Theoretical predictions of filtration efficiency of multi-stage systems agree well with
experimental results in normal operation mode. However, under disinfection mode,
deviations were observed due to flow redistribution and particle re-entrainment effects of
the closed-adjacent unit.

During the disinfection process of both MERV 8 + MERV 11 and MERV 8 + MERV 13
systems, the filtration efficiency of submicron particles decreases while that of larger
particles increases compared to normal operation mode due to higher face velocities at the
filter surface.

Although variation in inter-filter distance (2-6 cm) has minimal impact on overall filtration
efficiency and pressure drop, it significantly affects thermal performance. Reducing the
gap improves convective heat transfer, thereby minimizing disinfection time and electrical
energy consumption (approximately 0.18-0.34 kWh depending on configuration),

establishing energy performance as the primary design criterion for spacing selection.
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7.2 Contributions and Implementation

7.2.1 Contributions

This thesis contributes to the fields of heat transfer, HVAC engineering, and indoor air quality in
three interconnected areas: buoyancy-driven heat transfer in porous enclosures, experimental
methodologies for evaluating filter disinfection technologies, and filtration performance of pleated

filters under disturbed aerodynamic conditions.

In terms of heat transfer, this research extends current understanding of natural convection in
porous enclosures by investigating unsteady, turbulent, buoyancy-driven flow in cavities
containing pleated porous media and internal heat-generating elements. The flow conditions
examined correspond to Rayleigh numbers exceeding 10° and Darcy numbers on the order of
107°. These conditions differ significantly from those commonly investigated in the literature,
where studies have largely focused on laminar natural convection in square porous enclosures with
Ra < 107and 1075 < Da < 10~!. Moreover, this thesis establishes the role of enclosure
geometry and internal heat-source distribution in controlling temperature stratification within
buoyancy-driven cavities. Strategic placement of heating elements and the introduction of a mixing
chamber mitigate vertical thermal stratification and promote more uniform temperature fields
within the enclosure, providing a design-oriented modelling framework for fanless thermal

systems in which buoyancy-driven flow governs heat transfer.

Experimentally, this thesis introduces a comprehensive evaluation methodology for filter
disinfection technologies that simultaneously considers thermal performance, electrical energy
consumption, size-resolved filtration efficiency, and pressure drop. Unlike most previous studies

that isolate either heat transfer or filtration performance, the proposed methodology enables
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holistic system assessment and captures the coupled interactions between heat transfer, filtration

efficiency, and flow resistance within HVAC-integrated disinfection systems.

With respect to filtration performance, this thesis advances knowledge of air filtration under
disturbed aerodynamic conditions and in multi-stage filtration configurations. The work provides
the first systematic investigation of the influence of flow-obstructive elements within HVAC
ductwork on the pressure drop and size-resolved particle removal efficiency of pleated filters
across both submicron and larger particle ranges. In addition, the research examines the role of
inter-filter spacing in two-stage filtration systems and its implications for pressure drop and overall
filtration efficiency. The study also identifies limitations in commonly used theoretical correlations
for predicting the efficiency of filters arranged in series when aerodynamic disturbances become

significant.

7.2.2 Implementation

This thesis provides a structured design framework for HVAC engineers and indoor air quality
(IAQ) specialists to implement a cost-effective, byproduct-free, and mechanically simple thermal
disinfection technology within existing ventilation systems. Owing to its robustness, relatively low
energy demand, and modular design, the system can be amenable to implementation in large-scale
HVAC applications. The design and placement of the disinfection unit may vary depending on the
HVAC system size and configuration. A single disinfection module can be installed at the end of a
return-air duct upstream of the central ventilation unit. In larger commercial buildings, schools, or
healthcare facilities, multiple modules may be strategically distributed within the duct system or

mounted near supply outlets serving individual zones.

172



By offering both a fanless configuration and a forced-convection recirculation design, this work
provides flexibility for different operational priorities. The fanless system offers mechanical
simplicity, reduced maintenance requirements, and enhanced reliability in settings where extended
disinfection time is acceptable. In contrast, the forced-convection configuration significantly
reduces thermal disinfection duration, making it suitable for applications requiring rapid
disinfection cycles. This dual-approach strategy allows system designers to select an
implementation pathway aligned with building-specific performance, energy, and operational

constraints.

In addition to the disinfection technology itself, this thesis resulted in the design, manufacturing,
assembly, and commissioning of an ASHRAE 52.2-compliant closed-loop aerosol wind tunnel.
This advanced experimental facility enables simultaneous measurement of size-resolved filtration
efficiency and pressure drop under controlled conditions and can be utilized for evaluating a wide
range of air-cleaning and disinfection technologies beyond the scope of this study. The developed
testing infrastructure, therefore, represents an additional long-term contribution supporting future

research and technology validation efforts.

7.3 Limitations and Recommendations for Future Research

7.3.1 Research Limitations
The findings of this thesis should be interpreted within the defined scope of the numerical and

experimental framework adopted in this study.

From a numerical standpoint, the filter media were excluded from the computational domain, and
a 2D model was employed to reduce computational cost while enabling parametric investigation

of multiple configurations. Although this approach provided valuable design-oriented insights into
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temperature distribution and flow characteristics, it does not capture 3D flow structures or detailed
porous-media interactions between the heating elements and the filter fibres. Furthermore, this
thesis did not aim to experimentally resolve the fundamental physics of unsteady turbulent natural
convection. Advanced non-intrusive measurement techniques such as Particle Image Velocimetry
(PIV) or Liquid Crystal Thermography (LCT), which are typically required for full experimental
validation of transient buoyancy-driven flow fields, were beyond the scope of this work. Instead,
the numerical model was validated against established benchmark studies for simplified

geometries available in the literature.

With respect to the experimental investigation, direct microbiological validation of pathogen
inactivation was not conducted. The study focused on thermal performance, energy consumption,
filtration efficiency, and pressure drop measurements using surrogate aerosol particles. Conducting
live microorganism inactivation experiments within the large-scale wind tunnel facility would
require Biosafety Level 2 (BSL-2) or Biosafety Level 3 (BSL-3) containment, which exceeds the
design and safety specifications of the available laboratory infrastructure. Consequently, biological
inactivation efficacy was inferred from established time-temperature criteria reported in the

literature rather than from direct bioassay measurements.

7.3.2 Recommendations for Future Research
Potential avenues for future research emerging from the scope and findings of this thesis are listed

below:

e Inclusion of pleated filters as porous media in CFD simulations:
Future numerical studies may incorporate the filter directly within the computational domain

as a pleated porous medium. This would extend the current unsteady natural convection model
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to a coupled problem involving natural convection, radiation heat transfer, and porous-media
flow. Such modelling would enable investigation of the effects of filter pleat geometry (number
of pleats, aspect ratio, pleat shape) and media properties (thickness, permeability, porosity,
thermophysical characteristics) on thermal performance and temperature uniformity.
Geometric optimization of fanless configurations:

Parametric CFD studies can be conducted to optimize heating chamber aspect ratio and
heating-element arrangement to further reduce temperature stratification and energy
consumption in buoyancy-driven systems.

Optimization of forced-convection recirculation design:

Numerical modelling of the recirculating warm-air system can be performed to optimize duct
location, flow distribution, and recirculation path geometry in order to minimize disinfection
time and improve thermal efficiency.

Fundamental experimental investigation of unsteady natural convection:

Advanced non-intrusive measurement techniques, such as Particle Image Velocimetry (PIV)
and Liquid Crystal Thermography (LCT), can be employed to characterize flow transitions,
plume interactions, and transient flow structures within cavities containing internal heat
sources.

Microbiological validation using live microorganisms:

Bio-validation studies conducted under appropriate biosafety conditions (e.g., BSL-2/BSL-3
facilities) are recommended to directly quantify inactivation efficiency and confirm the
biological effectiveness of the proposed technology.

Assessment of cyclic heating and filter aging:
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Long-term studies are required to evaluate the impact of repeated thermal disinfection cycles
on filtration efficiency, pressure drop, structural integrity, and overall filter lifespan.

Impacts of environmental conditions on the performance:

Future investigations should examine the effect of airflow temperature and relative humidity
within the duct on required disinfection energy and heat transfer performance to establish

operational guidelines across different climatic conditions.
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Appendix A (Structured Mesh for Validation of Numerical Simulation)

Fig. A.1. A schematic representation of the numerical grid used for the validation of the numerical simulation in
Section 3.5.4.
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Appendix B (ASHRAE 52.2 General Requirements)

ASHRAE 52.2 [22] provides a design guideline for measuring the capability of HVAC filters in
removing specific particles from the airstream and their resistance to airflow. This standard
introduces critical dimensions and arrangements of the test apparatus as well as the required
features of different equipment (e.g., aerosol generator and aerosol sizer) to obtain a reliable result
in filter testing. Fig.B.1 depicts a schematic view of the open-circuit wind tunnel suggested by
ASHRAE 52.2. Some of the general requirements for designing the experimental setup are as

follows:

1. The test duct is primarily of square cross section, 610 x 610 mm (24 x24 in.).

2. The temperature of the air at the test device shall be between 10°C and 38°C (50°F and
100°F) with a relative humidity of 45% + 10%.

3. An orifice plate and a mixing baffle shall be located downstream of the aerosol injection
point for better mixing.

4. The application of the bend is optional, but it helps the homogenization of particles.

5. Uniformity of air velocity and aerosol concentration profiles (the coefficient of variation
(CV) should be within + 10% of the mean values in the test section).

6. Air-cleaner testing should be conducted at airflow rates not less than 0.22 m*/s (472 cfim),
nor greater than 1.4 m®/s (3000 cfm).

7. The test aerosol shall be poly-disperse solid-phase (dry) potassium chloride (KCl) particles
generated from an aqueous solution. The aerosol generator shall provide a stable test
aerosol of sufficient concentration over the 0.30 to 10 um diameter size range without

overloading the aerosol particle counter.
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8. Isokinetic sampling (to within 10%) shall be maintained on both primary and secondary
probes (i.e., the direction and velocity magnitude of the airflow within the sampling probe
should be equal to that of the air in the duct).

9. The aerosol particle counter shall be based on optical particle sizing and counting (i.e.,
light scattering). These instruments are commonly known as “optical particle counters” and
also as “optical aerosol spectrometers.” The particle counters shall count and size aerosol

particles in the 0.30 to 10 pm diameter size range.
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1. Blower
2. Flow control valve
3. HEPA filter bank

4. Transition, if any, from filter bank to 610 x 610 mm
(24 x 24 in.) ducting. Maximum transition half angle = 45°.

5. Aerosol injection tube
6. Aerosol generator

7. Dust feed pipe

8. Dust feeder

9. Mixing orifice

10.
11.

12

15.
16.
17.

18

Perforated diffusion plate

Location of sample probe

. Static tap

13.
14.

Manometer
Air-cleaning device and transitions (if any)

Final filter (installed only during dust loading)
Vertical manometer

Main flow measurement nozzle

. Transition, if needed

19.

Bend, optional

Fig. B.1. Schematic views of the open-loop test apparatus recommended by ASHRAE 52.2 (i.e., dimensions are i

mm (in)) [22].
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Appendix C (Advanced Testing Infrastructure: Closed-Loop Aerosol Wind

Tunnel)

(a) (b)
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(@

Fig. C.1. Advanced filtration testing assembly and setup, including (a) ductwork sections, (b) centrifugal fan, (c) HEPA
filter, (d) mixing baffle, (e) aerosol generator nozzle, (f) aerosol sampling tube, and (g) closed-loop aerosol wind
tunnel.
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